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Abstract (English)
”Before 1800 only poets cared much about clouds so much so Shakespeare
wrote more about them than all scientists put together. Until the Luke
Howard’s classification of clouds based on their dynamical processes rather
than their form, started in the first years of 19th century, clouds were barely
studied at all. This century became somewhat of a Golden Age for cloud
physics, so much so the most of the laws used today were discovered then. In
the 1900s clouds passed from a concern of physics and chemistry to a concern
of meteorology” [3D Rad. Trans. in Cloudy Atm. - Marshak and Davis [1]].
The understanding of the Earth radiation budget is a fundamental issue for
our planet, but at the same time a very difficult problem to solve due to the
presence of many different components involved, such as the clouds, atmo-
sphere, lands and oceans, which interact with each other in a very complicated
manner. Clouds, for example, can occur in different shapes, sizes and phases,
and represent a tangible and a direct sign of the weather changing ”as well as
a show of incredible beauty for our eyes”.
Cirrus clouds modulate to a large extent the exchanges of energy between our
planet and space, the solar incoming radiation and the outgoing thermal emis-
sion from the Earth, depending on their optical and micro-physical properties,
such as the effective diameters of ice particles, the ice water path and the op-
tical thickness. Cirrus clouds can have a cooling effect, by reflecting back to
space the radiation from the Sun or a warming effect by trapping the thermal
radiation emitted by the Earth. Furthermore we have to consider that these
clouds cover parmanently 30% of the whole planet surface, reaching 60% at
the tropical zones.
Most of the thermal radiance is emitted by the Earth in the infrared in the
spectral range between 100-1400 cm−1 (7-100 µm ), with more than 40% of the
energy occuring in the far infrared (FIR) region below 500 cm−1 . Unfortu-
nately there is a deficiency in the measurements of the FIR component, both
in ground-based and from satellite, because of the difficulty to build suitable
instrumentation for this purpose.
In this thesis a new approach to study the optical and micro-physical properties
of ice and mixed-phase clouds from wide-band spectral measurements, includ-
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ing the FIR component of the radiance performed in ground-based zenith-
looking observation geometry using the Fourier transform spectroradiometer
REFIR-PAD (Radiation Explorer in Far InfraRed - Prototype for Applications
and Development) during many measurements field campaigns, was developed.
REFIR-PAD is one of the few instruments which takes measurements in the
FIR where most of the radiative cooling of planet occurs and a strong interac-
tion of cirrus clouds with this process is present.
Measurements were carried out in extreme locations, such as high altitude
sites, where the atmosphere is drier, because only in this particular conditions
it is possible to have sufficient trasparency to observe from the ground the
highest part of the troposphere where cirrus are located.
The measurements campaigns were carried out in Testa Grigia (Cervinia) in
the years 2007 and 2011, the latter of which I partecipated. Then measure-
ments were carried out in Chile, at Cerro Toco, Atacama in 2009. Finally, data
were acquired in an Antarctica campaign, beginning in 2011 ongoing, where
the instrument is operated 24 hour a day under all-sky conditions from the
Concordia Station at Dome-C.
To characterise cirrus clouds and mixed phase clouds a forward and a retrieval
model to simulate the propagation af the radiation in the atmosphere in pres-
ence of a cloud were developed. The numerical code was implemented in C
language and part of it was written in Octave and Bash shell languages assum-
ing cloud as single and uniform layer. The spectral properties of ice crystals
and water droplets have been parameterised by means of the models provided
by Yang and Fu concerning ice contribution and Hu and Stamnes concerning
water droplets. They found some relationships between optical parameters,
such as optical thicknesses, single scattering albedo and asymmetry factor,
and the micro-physics defining an appropriate effective diameter taking into
account size distributions of the ice crystals and water droplets and different
habits distributions of ice particles as well.
The forward model integrates a line-by-line code, which simulates the radiative
transfer in the atmospheric gases, with a specific code for clouds. The model
simulates the radiance emitted by the cloud as function of the effective diame-
ters of ice crystals and water droplets, the total water path (TWP), namely the
integrated content of ice and water in a base unit column, and the ice fraction,
namely the ratio of the ice water path (IWP) with respect to the total.
The retrieval model operates a simultaneous fitting with the χ2 minimisation
of the atmospheric parameters and the optical and microphysical properties of
cirrus clouds and mixed phase clouds. The fitting procedure uses spectral mea-
surements from 230-350 cm−1 (depending on the ground atmospheric opacity)
to 980 cm−1 . In the case of the Antarctic atmosphere, where mixed phase
can occur, a switch puts the ice fraction to 1 if the effective temperature goes
down below -40 ◦C, below which supercooled water cannot exists. Moreover
in the case of lidar data of the cloud are avalaible, the top and cloud bottom
are set and a new parameter, which takes into account both the signal and
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depolarization, sets the single or the mixed phase. In the case no lidar support
is avalaible the effective temperature of the cloud is treated as an unknown
parameter in the retrieval procedure, otherwise this is fixed by weighting the
temperature profile on the backscattering profile between the top and the bot-
tom of the cloud.
The code is also provided with a filter, based on the mean uncertainty spectra
in the atmospheric window, that distinguishes between clear and cloudy sky
turning on the suitable procedure for both cases.
Finally a software, which can operate the retrieval procedure in loop on the
entire database of spectra was developed and, in case of backscattering and
depolarisation lidar data are avalaible, it is able to calculate automatically the
top and bottom of the cloud, setting the procedure as function of the phase.
Data analysis was applied to all field campaigns carried out in Testa Grigia in
the years 2007 and 2011, in Chile in the year 2009 and finally in Antarctica
since 2011. The analysis allowed us to retrieve the micro-physical properties,
such as effective diameters of ice crystals and, in case of mixed phase clouds,
also water droplets, and the optical parameters, such as the optical thicknesses
of the cloud due to the ice and water. The developed technique also allowed us
to retrieve simultaneously the atmospheric variables, such as the temperature
and water vapour profiles and the precipitable water vapour (PWV). To re-
trieve the clouds properties two different databases were used, one which takes
into account only ice particles with hexagonal columns habit and was applied
to the campaigns took place in Chile and Antarctica, whereas the other one
considers different type of habits of the ice crystals with a typical midilati-
tude distribution and it was applied to the campaigns that took place in Testa
Grigia. The retrieved profiles and PWV were compared to the radiosound-
ings when they were avalaible and in the case of Testa Grigia, the statistic
distribution of the retrieved IWP with the optical thickness and the effective
temperatures with the mass extintion coefficient was compared to the known
distribution for midlatitude cirrus clouds provided by Heymsfield.
Finally a comparison between two different retrieval approaches was performed:
the standard approach using the wide-band spectral measurements with a si-
multaneous retrieval of all the involved parameters (atmosphere and clouds)
and a new approach using selected microwindows for the retrieval of only cloud
micro-physics. This is motivated by the fact that clouds have an irregular spa-
tial distribution which makes the detection of the radiance coming from a
single pixel not very accurate, hence an imaging system would improve the
accuracy of the retrieval procedure but, on the other hand, a wide spectral
band acquisition would require demanding measurements. It has been demon-
strated for Testa Grigia 2007 that limiting the acquisitions in a few narrow
spectral intervals, corresponding to the bands of maximum trasparency, if a
spectrometer such as REFIR-PAD is avalaible to characterise the atmosphere,
would allow to optimise measurement and to get a spatial distribution of the
thermal radiance emitted by clouds and therefore to retrieve the micro-physics
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with the same accuracy as the wide-band retrieval approach.
The main results of this work are:
 it is necessary to extend analysis to FIR, below 600 cm−1 , where the
emission sepctrum of cirrus clouds shows a strong sensitivity to the vari-
ation of effective sizes of ice particles. A new approach exploiting the
broad band between 230-980 cm−1 and operating a simultaneously fit-
ting of cloud and atmosphere, was developed to carry out the retrieval
of the clouds optical and microphysical parameters.
 it has been demonstrated that if a spectrometer, such as REFIR-PAD,
able to characterise the atmosphere is avalaible, it is possible to operate
an accurate retrieval limiting analysis in a few microwindows between
mid and far infrared. This would allow us to make a new imaging in-
strument able to get a spatially characterisation of the clouds, which in
general are not uniform.
Furthermore since a measurement field campaign, started in 2011, is still in
place in Antarctica nearby Dome-C, a large spectral database about the antarc-
tic atmosphere in presence of cirrus and mixed phase clouds is avalaible. For
this reason a tool to carry out the automatic analysis over the entire database
was developed, and results should be able to improve the understanding about
the thermal contribution of cirrus clouds and their climatological impact.
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Abstract (Italian)
”Prima del 1800 solo i poeti si occupavano di nubi tanto che Shakespeare
scrisse piu´ di tutti gli scienziati messi insieme. Fino alla classificazione delle
nubi fatta da Luke Howard a partire dai primi anni del 19-esimo secolo e
basata sui processi dinamici invece che sulla forma, le nubi non erano pratica-
mente prese in considerazione. Questo periodo divenne come una sorte di Eta´
dell’Oro per la fisica delle nubi, tanto che la maggior parte delle leggi fisiche
che regolano questo fenomeno e oggi utilizzate furono scoperte proprio allora”
[3D Rad. Trans. in Cloudy Atm. - Marshak and Davis [1]].
La comprensione del budget radiativo terrestre e´ una questione fondamen-
tale per il nostro pianeta ma rappresenta anche un problema molto difficile
da risolvere a causa della miriade di elementi coinvolti, come appunto le nubi,
l’atmosfera, le terre emerse e gli oceani, che interagiscono fra di essi in maniera
complessa.
Le nubi, ad esempio, si possono manifestare in diverse forme, dimensioni e
fasi di stato e rappresentano un segno diretto e tangibile dei cambiamenti cli-
matici ”cos´ı come uno spettacolo di incredibile bellezza per i nostri occhi”. I
cirri agiscono regolando gli scambi di energia tra il nostro pianeta e lo spazio
modulando la radiazione proveniente dal Sole e quella termica emessa dalla
Terra in funzione delle proprieta´ ottiche e microfisiche, come i dimetri delle
particelle di giaccio, il contenuto di ghiaccio e lo spessore ottico. A seconda
di queste proprieta´ i cirri possono esercitare un effetto di raffreddamento, ri-
flettendo verso lo spazio la radiazione proveniente dal Sole, o di riscaldamento
intrappolando la radiazione termica proveniente dalla Terra. Dobbiamo in-
oltre considerare che queste nubi coprono permanentemente il 30% dell’intera
superficie del pianeta, arrivando anche a coprire il 60% ai tropici. La mag-
gior parte della radiazione termica e´ emessa dalla Terra nella regione spettrale
tra 100-1400 cm−1 (7-100 µm ), e piu´ del 40% di questa energia proviene
dal lontano infrarosso (FIR) nella regione sotto i 500 cm−1 . Sfortunatamente
c’e´ una carenza di misure in questa regione spettrale, dovuta alla difficolta´ di
sviluppare una strumentazione adatta, anche da satellite, per questo scopo.
In questa tesi e´ stato messo a punto un nuovo approccio per stimare le propri-
eta´ ottiche e microfisiche delle nubi di ghiaccio ed in fase mista a partire da
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misure da terra a banda larga effettuate tramite lo spettroradiometro a trasfor-
mata di Fourier REFIR-PAD (Radiation Explorer in Far InfraRed - Prototype
for Applications and Development) in configurazione zenitale durante diverse
campagne di misura. REFIR-PAD e´ uno dei pochi strumenti che fa misure nel
FIR dove una larga parte della radiazione termica e´ modulata dalle nubi.
Le campagne di misura sono state effettuate presso Testa Grigia (Cervinia)
negli anni 2007 e 2011, a cui ho partecipato, in Cile, a Cerro Toco, Atacama,
nel 2009 ed infine in Antartide, iniziata nel 2011 e ancora in atto, dove lo stru-
mento e´ operativo 24 ore su 24 in qualsiasi condizioni di cielo presso la base
italo-francese Concordia a Dome-C.
Le misure sono state effettuate in luoghi estremi dove l’atmosfera e´ piu´ secca,
qusto perche´ in tali condizioni e´ possibile raggiungere una trasparenza suffi-
ciente per osservare da terra gli strati piu´ alti dove si trovano le nubi.
Per caratterizzare i cirri e le nubi in fase mista sono stati sviluppati un modello
diretto e un modello inverso per simulare la propagazione della radiazione in
atmosfera in presenza di una nube. Il codice numerico e´ stato implementato in
linguaggio C e parte di esso e´ stato scritto in Octave e Bash, approssimando
la nube con un singolo strato uniforme. Le proprieta´ spettrali dei cristalli di
ghiaccio e delle gocce d’acqua sono state parametrizzate mediante i modelli di
Yang e Fu per quanto riguarda il contributo del ghiaccio, e Hu e Stamnes per
quanto riguarda il contributo dell’acqua. Essi hanno trovato alcune relazioni
tra i parametri ottici, come gli spessori ottici, l’albedo di singolo scattering
ed il fattore di asimmetria, e la microfisica, definendo un particolare diametro
efficace che tiene conto della distribuzione delle dimensioni delle particelle di
ghiaccio e acqua e delle diverse distribuzioni di forma delle particelle di ghiac-
cio.
Il modello diretto integra il codice riga-per-riga che simula il trasferimento
radiativo nei gas atmosferici, con un codice specifico per le nubi. Il modello
simula la radianza spettrale emessa dalle nubi in funzione del diametro effi-
cace dei cristalli di ghiaccio e delle gocce d’acqua, il total water path (TWP),
definito come la quantita´ integrata della nube di ghiaccio e acqua presenti in
una colonna di base unitaria, e la frazione di ghiaccio che indica il rapporto
tra l’ice water path (IWP) e quello totale.
Il modello inverso opera un fitting simultaneo dei parametri atmosferici e delle
proprieta´ ottiche e microfisiche delle nubi in fase singola e mista, tramite la
minimizzazione del χ2. La procedura di fitting utilizza l’ampia banda spettrale
delle misure tra 230-350 cm−1 (a seconda dell’opacita´ atmosferica al suolo) e
980 cm−1 . Nel caso dell’atmosfera antartica dove si possono presentare le
nubi in fase mista, un apposito switch imposta la frazione di ghiaccio a 1 se
la temperatura efficace della nube scende sotto i -40◦C, sotto i quali non puo´
esistere l’acqua sopraffusa. Inoltre nel caso in cui sono disponibili i dati lidar
della nube, la quota e lo spessore sono fissati, e un nuovo parametro che tiene
conto sia del segnale di backscattering che della depolarizzazione permette di
impostare il tipo di fase, singola o mista. Nel caso in cui i dati lidar non
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sono disponibili la temperatura efficace della nube e´ trattata come un incog-
nita nella procedura di retrieval, altrimenti viene calcolata pesando il profilo di
temperatura sul segnale lidar di backscattering tra la base e la sommita´ della
nube.
Il codice e´ anche provvisto di un filtro, basato sull’errore medio di misura nella
finestra di trasparenza, che permette di distinguere tra cielo sereno e nuvoloso
introducendo il tipo di procedura appropriata.
Infine e´ stato sviluppato un software che permette di operare la procedura di
retrieval su tutti gli spettri dell’intero database ed e´ in grado di calcolare au-
tomaticamente quota e spessore della nube in caso siano disponibili i dati lidar
e di impostare il tipo di fase, singola o mista.
L’analisi dati e´ stata applicata a tutte le campagne di misura effettuate, quindi
quelle a Testa Grigia negli anni 2007 e 2011, in Cile nel 2009 e quella ancora in
atto dal 2011 in Antartide. L’analisi ha permesso di ricavare le proprieta´ mi-
crofisiche come il diametro efficace dei cristalli di ghiaccio e, in caso di nubi in
fase mista, anche delle gocce d’acqua, cos´ı come gli spessori ottici di ghiaccio e
acqua. La tecnica sviluppata ha permesso di ricavare simultaneamente le vari-
abili atmosferiche, come i profili di temperatura e vapore acqueo, e la quantita´
precipitabile di vaporeo acqueo (PWV). Per ricavare le proprieta´ delle nubi
sono stati utilizzati due diversi database, dei quali uno considera le particelle
aventi solo forma a colonna esagonale ed e´ stato applicato all’analisi della mis-
ure in Cile a Antartide, mentre l’altro tiene conto delle diverse possibili forme
dei cristalli di ghiaccio con una distribuzione tipica delle medie latitudini ed
e´ stata applicata alle misure di Testa Grigia. I profili ricostruiti e il PWV
sono stati confrontati con radiosondaggi quando questi erano disponibili, e nel
caso di Testa Grigia la distribuzione statistica di IWP con gli spessori ottici e
temperature efficaci con i coefficienti di estinzione di massa ricavati sono stati
confrontati con le distribuzioni statistiche fornite da Heymsfield.
Infine e´ stato fatto un confronto tra due diversi approcci per l’inversione dei
dati: quello standard che utilizza tutta l’ampia banda spettrale di misura e
opera un fitting simultaneo di tutti i parametri coinvolti delle nubi e dell’atmosfera,
e quello nuovo che utilizza delle microfinestre di massima trasparenza ap-
positamente selezionate. Cio´ e´ motivato dal fatto che le nubi hanno una
distribuzione irregolare che rende la misura della radianza proveniente da
un singolo pixel poco accurata, per questo motivo un sistema a immagine
migliorerebbe l’accuratezza della procedura d’inversione dei dati, anche se
un’acquisizione su tutta la banda spettrale renderebbe difficoltosa la misura.
E´ stato dimostrato nel caso di Testa Grigia 2007, in cui il livello di rumore era
sufficientemente basso, che limitando l’acquisizione in poche microfinestre per-
metterebbe di ottimizzare la misura ottenendo una distribuzione spaziale della
radianza termica emessa dalle nubi, e ottenere un’inversione dei dati accurata
tanto quanto nel caso dell’approccio ad ampia banda.
In conclusione i principali risultati di questo lavoro sono:
 per caratterizzare le nubi di ghiaccio e´ necessario estendere l’analisi al
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lontano infrarosso (FIR) sotto i 600 cm−1 , dove lo spettro di emissione
delle nubi e´ fortemente sensibile alla variazione del diametro efficace delle
particelle. Per effettuare il retrieval su tutta la banda spettrale tra 230 e
980 cm−1 e´ stato sviluppato un nuovo approccio di retrieval delle propri-
eta´ delle nubi operando un fitting simultaneo delle nubi e dell’atmosfera,
in particolare dei profili di vapore acqueo e temperatura.
 nel caso sia disponibile uno spettrometro ad ampia banda come REFIR-
PAD, in grado di caratterizzare l’atmosfera, e´ possibile effettuare un
retrieval altrettanto accurato limitando l’analisi a poche microfinestre di
massima trasparenza distribuite su tutta la banda tra il medio e lontano
infrarosso (230-980 cm−1 ). Cio´ aprirebbe alla possibilita´ di realizzare uno
strumento a immagine nell’infrarosso termico operante in poche bande
strette, in grado di fornire una caratterizzazione spaziale delle nubi, che
generalmente non si presentano uniformi.
Infine disponendo, grazie alla campagna di misura iniziata nel 2011 e tutt’ora in
atto in Antartide presso Dome-C, di un vasto database spettrale dell’atmosfera
antartica in presenza di nubi di ghiaccio e in fase mista, e´ stato sviluppato un
software per effettuare l’analisi automatica su tutto il database. Tale anal-
isi dovrebbe fornire risultati in grado di migliorare la comprensione circa il
contributo termico di queste nubi e il loro impatto climatologico.
x
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Chapter 1
Introduction
Until the 1990s theoretical knowledge about the cloud role in the radiation
budget was very poor, but thanks to increasing interest in the subject over
the past two decades our understanding has substantially improved, yielding
a better quantity and quality information.
All these new skills were applied to the issue of global warming, yet we still
do not understand completely the impact of clouds within the climate system
thereby impeding reliable forecasts of climate change. Some Global Climate
Models (GCMs) try to predict global warming in response to carbon dioxide
increasing, however it is not easy to estimate the extent of the effects (moder-
ate or severe), because it depends on the model used to treat the clouds. The
warming due to cloud feedback, for example, has been estimated between 2 to
5◦C. Though 2◦C would be a serious, but manageable, concern with foresight,
5◦C would be equivalent to the warming since the last glacial retreat nearly
10000 years ago.
Since clouds modulate the shortwave Sun radiation and the thermal Earth’s
emission they influence the radiation budget destroying that smoothness of the
curves of the time evolution of the Sun and Earth’s emission making surface
radiation turbulent and mirroring this turbulence in themselves. This effect
shows up as fluctuations of the radiation fluxes that reach the surface and the
direct beam coming from the Sun. Measurements have shown a decreasing
of surface solar radiation, but unfortunately current climate models treating
aerosols and clouds cannot even predict this effect showing how much the role
of clouds in surface energy budget is still not completely clear. Furthermore
clouds cause variations in radiative heating rates; infact since there is not much
thermal absorption of the solar radiation by the atmosphere, sunlight mostly
gets absorbed at the surface or reflected back to space, and also small changes
from 10 to 20 W/m2 can have large impacts. It is proven that changes of 1
W/m2 causes a significant change in rainfall somewhere else; radiative heating
in the atmosphere and rainfall roughly have to balance each other [2]. Clouds
are the dominant creators of variance in the lower troposphere.
In order to characterise the net radiation flows outgoing from the Earth, in-
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frared measurements spectrally resolved are necessary. The radiative contri-
bution of the Earth from 2500 cm−1 (3.5 µm) down to about 100 cm−1 (100
µm). For such large values of infrared, spectrometers have been brought into
space on board satellites to gain insight about the Earth’s thermal balance.
The gases which contribute to the thermal emission and absorption in the
atmosphere are mainly water vapour, carbon dioxide and ozone. CO2 is an
important component because of its strong greenhouse effect.
Measurements from satellite are usually limited in the region containing the
vibro-rotational band of water vapour extended above about 1250 cm−1 (8
µm), the band centered at 1045 cm−1 (9.5 µm) and the so-called atmo-
spheric window, where the atmospheric absorption is low, between 820 and
1000 cm−1 (12-10 µm) and sometimes including the vibro-rotational band of
CO2 centered at 667 cm
−1 (15 µm) as well.
Most of the thermal radiance is emitted by the Earth in the infrared, in the
spectral range between 100-1400 cm−1 (7-100 µm ), with more than 40%
of the energy occuring in the far infrared (FIR) region below 500 cm−1 .
Unfortunately there is a deficiency in the measurements in the FIR, both in
ground-based and from satellite, because of the difficulty to build suitable in-
strumentation for this purpose.
To cover this missing piece of information, a new spectroradiometer named
REFIR-PAD (Radiation Explorer in Far InfraRed - Prototype for Applications
and Development) [3],[4] was developed at IFAC-CNR un 2003. The instru-
ment performs measurements in 100-1400 cm−1 (7-100 µm ) spectral range
with 0.25 cm−1 of maximum resolution. The absence of measurements in the
FIR spectral range, even from satellite, makes REFIR-PAD Fourier spectro-
radiometer one of the few instruments in the world able to explore this region
and makes these measurements unique.
Measurements were carried out in different field campaigns which took place
in Testa Grigia, Cervinia, Italy in the years 2007 and 2011, in Chile, at Cerro
Toco, Atacama, in the year 2009 and finally in Antarctica, at Dome, still
in place since 2011, and they were performed in ground-based zenith-looking
abservation geometry to detect the downwelling radiance emitted by the at-
mosphere. To characterise the optical and microphysical properties of cirrus
clouds and to study in this way their radiative effects, a forward and a retrieval
model was developed. The dependence of the optical properties on the cloud’s
micro-physics in the broad band infrared region is given by two different cirrus
cloud models provided by Yang and Fu [2], one of which takes into account
different types of ice crystal habits and is suitable for midlatitude, and the
other one considers only hexagonal column habits and has been used in the
measurements carried out in Chile and Antarctica. The approach used in this
thesis consists of a simultaneous fitting of the cloud’s parameters and the at-
mospheric variables, such as temperature and water vapour profiles, in order to
take into account the interaction between both of them. The analysis allowed
us to estimate the time evolution of the optical and mirophysical parameters
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of cirrus clouds that occured in all field campaigns and to study their radiative
effects in the thermal spectral band.
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Chapter 2
Spectrally resolved ERB (Earth
Radiation Budget)
2.1 The atmospheric radiation field
Atmosphere is a complex structure where the incoming short wave radia-
tion coming from the Sun and the long wave radiation emitted by the Earth
propagates through the composition of different layers and thermodynamical
conditions. Since our attention concerning the radiation in the atmosphere
is focused on the contribution of the main gases, such as water vapour, car-
bon dioxide and ozone, besides obviously the clouds, most of this information
comes from the first two part, namely the troposphere and stratosphere, from
ground up to about 50/60 km of height.
The radiation field is represented by photons which propagates through the
matter interacting by assorption and emission or scattering. The number of
the photons within an infinitesimal interval of frequencies ν + dν, expressed in
Hertz unit (s−1), is given by the distributions functions of photons defined by:
Nνdν = fν(r,Ω, t)dV dΩdν (2.1)
where Nνdν is the number of photons at time t contained within the volume
elements dV centered at r, within the solid angle dΩ about the flight direction
Ω given by:
dΩ = sinϑdϑdϕ (2.2)
Since the measurements we will treat afterward will be expressed in ra-
diance unit, in place of the photon distribution function fν we can use the
radiance Iν(r,Ω) as defined by:
Iν(r,Ω) = chνfν(r,Ω) (2.3)
5
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Figure 2.1: Definition of radiance Radiance through the infintesimal superface element dS
with surface normal n into the solid angle element dΩ around the flight direction Ω of the photons.
where we neglected the time dipendence because we consider only station-
ary case.
From (2.3) the radiative energy contained within the frequency interval
(ν, ν + dν) streaming during dt at r through the surface element dS with unit
surface normal n into the solid angle element dΩ along Ω, results:
uν(r, t,Ω) = Iν(r,Ω, t)cosθdΩdSdtdν (2.4)
where θ is the angle between Ω and the surface normal of dS as shown in fig-
ure (2.1). Therefore, Iνdν is expressed in (Wm
−2sr−1) and Iν in (Wm−2sr−1µm−1)
or in (Wm−2sr−1cm), depending on if we consider the wavelenghts or wave
numbers. Finally the flux energy or energy density of the radiation field in
units (Wm−2) is obtained integrating the radiance Iν over all diretions and
frequencies:
uˆ(r, t) =
∫ ∞
0
∫
4pi
Iν(r,Ω, t)dΩdν (2.5)
In our calculations we will consider the stationary radiance, hence Iν = Iν(r,Ω).
Figure (2.2) shows the spectral radiance emitted by the atmosphere in clear
sky conditions, where only the gases contributions show up, compared to the
case in which a cirrus cloud occurs, in this case the radiance is modulated by a
continuum over all frequencies: it is clear the effect of the increase radiance in
the atmospheric window, between 820 and 980 cm−1 , and in FIR below 500
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Figure 2.2: Simulation of the donwelling radiance in clear sky and in
presence of a cirrus cloud Simulated downwelling radiance at 3500 m of height for clear
sky (black) and in case a cirrus cloud occur. The absorption bands of typical molecular species, such as
water vapour, corbon dioxide and ozone, are indicated. The effect of the cloud is a continuum modulation
evident mostly in the atmospheric window between 820 and 980 cm−1 and in FIR below 500 cm−1 . The
planckian function in blue indicates the emission of the cloud if it was a perfect black body at thr brightness
temperature equal to 207 K.
cm−1 . The absorption bands of the main components of the atmosphere, water
vapour, carbone dioxide and ozone, are indicated. The wide band between 300
and 580 cm−1 represents the pure rotational band of water vapour, CO2 has
the rotovibrational band between 780 and 580 cm−1 and ozone between 1000
and 1080 cm−1 , above 1200 cm−1 the rotovibrational band of water vapour
starts. The planckian function in blue shows the emission of the cloud if it was
a perfect black body at the brightness temperature equal to 207 Kelvin.
In general the condition of thermodynamic equilibrium is described by the
state of matter and radiation inside a costant temperature cavity. The ra-
diation inside the cavity is known as black body radiation. The conditions
describing thermodynamic equilibrium were first formulated by Kirchhoff who
stated that within the cavity the radiation field is isotropic and unpolarized,
independent of the nature and shape of the cavity walls and dependent only
on the temperature [2].
The local thermodynamic equilibrium in the atmosphere implies that we can
assign a local temperature to each layer. In this case the thermal radiation
emitted by each atmospheric layer at height z and with thickness ∆z can be
described by Planck’s radiation law:
7
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Figure 2.3: Solar and terrestrial radiation. Solar and terrestrial emitted radiance in
short and thermal long wavelenght corresponding to the planckian functions at temperature of 6000 (red)
and 255 (blue) Kelvin respectively, where the solar radiance is in logarithmic scale on the right axis whereas
the terrestrial radiance is in linear scale on the left axis. We note that the peak of the solar emission is
placed at aroud 0.6 µm and the peak of the terrestrial emission falls at around 10 µm in the thermal FIR.
It is also clear that mostly of the solar emission is squeezed in short wavelenghts between 0.2 and 5 µm
indeed the terrestrial radiance in the spectral range between 4 and 100 µm in the thermal region.
Bν(T, z)dν =
2hν3
c2
(e
hν
kT (z) − 1)−1dν (2.6)
and its emissivity yielding:
Iν(z) = ν(z)Bν(T, z) (2.7)
where h = 6.626196 × 10−34Js and k = 1.380662 × 10−24JK−1 in equa-
tion (2.6) are the Planck’s costant and the Boltzmann costant respectively.
Frequency ν in Planck function in the form of (2.6) is expressed in Hz so
we can get the corresponding expression in wavenumber substituting ν[Hz] =
100·c · νˆ[cm−1] and dν = 100 · c · dνˆ.
This assumption allow a relatively simple treatment of the thermal radia-
tion transport in the lower sections of the atmosphere. Since the atmosphere
is an open system and the temperature and the radiation field vary in space
and in time, actually it is not in thermodynamic equilibrium. Nevertheless, in
the troposhere and within tha stratosphere the emission of thermal radiation is
still governed by Kirchhoff’s law at the local temperature. The reason is that
in these atmospheric region the density of the air is sufficiently high so that
the mean time between molecular collisions is much smaller than the mean
life of excited states of a radiating molecule, hence equilibrium condition exist
8
2.2. The interaction of radiation with matter
between vibrational, rotational and traslational energy of the molecules. At
levels higher than 50-60 Km, the two time scales become comparable result-
ing in a sufficiently strong deviation from thermodynamic equilibrium so that
Kirchhoff’s law cannot be applied. The breakdown of thermodynamic equi-
librium in higher regions of the atmosphere also implies that Planck’s law no
longer adequately describes the thermal emission so that quantum theoretical
arguments must be introduced to describe radiative transfer [2].
The range of maximum Sun radiation is squeezed between 0.2-3.5 µm indeed
the thermal radiation spectrum of the Earth ranges from about 3.5-100 µm as
shown in figure (2.3). Earth’s radiation is represented by a black body emit-
ting at temperature of 255 K, Sun by a black body emitting at 6000 K, hence
the peak of Earth’s radiation is around 20 µm (in the FIR band), the peak of
the Sun radiation is located at around 0.7 µm (in the visible).
2.2 The interaction of radiation with matter
The extintion processes can be manifest itself as absorption or scattering
effects which can be expressed mathematically by means of two parameters
called absorption and scattering coefficients, kabs and ksca respectively. Sum-
ming the absorption and the scattering coefficients we obtain the extintion
coefficient defined by:
kext,ν(r) = kabs,ν(r) + ksca,ν(r) (2.8)
This is a measure of probability that a photon suffers of an absorption or
scattering event.
2.2.1 Absorption
When a photon passes through a volume of matter a certain absorption
probability can be defined and to describe mathematically this event a coeffi-
cient kabs(r) with units (m
−1) is introduced as follows:
dτν(r) = kabs,ν(r)ds (2.9)
dτν(r) is the so-called differential absorption optical depth and it is a di-
mensionless quantity, where ds is the geometrical distance travelled by the
photon. This quantity dτν(r) is a measure for the probability that the photon
is absorbed along ds so that the photon disappear. For our calculations the
absorption coefficient kabs,ν in (2.9) depends only on position and frequency, be-
cause for all practical purposes the atmosphere can be considered an isotropic
medium, but in general it can also depends on the direction Ω. We also use
the mass absorption coefficient κabs,ν(r) which is defined by the relation:
kabs,ν(r) = ρabs(r)κabs,ν(r) (2.10)
9
2. Spectrally resolved ERB (Earth Radiation Budget)
where ρabs(r) is the density of the absorbing medium with units (m
2 Kg−1).
2.2.2 Scattering
Photon can also be scattered in an elastic process after travelled a certain
distance ds. The occurance of a scattering process makes change the flight
direction of the photon from Ω to Ω′. In the similar manner of the absorption
coefficient we can defined a differential scattering coefficient ksca,ν(r,Ω→ Ω′)
and in analogy to (2.9) the differential scattering optical depth is defined as:
dτsca,ν(r,Ω→ Ω′) = ksca,ν(r,Ω→ Ω′)dΩds (2.11)
This optical depth is a measure of the probability that a photon of frequency
ν with initial direction Ω′, in travelling the distance ds is scattered into dΩ with
the new direction Ω′. Integrating the differential scattering coefficient over all
possible directions Ω we obtain the ordinary scattering coefficient ksca,ν(r):
ksca,ν(r) =
∫
4pi
ksca,ν(r,Ω→ Ω′)dΩ (2.12)
It is clear that ksca(r) is expressed in units (m
−1). Differential scattering
coefficient agrees with the scattering function Pν(cos Θ) that is a measure of the
probability density distribution for scattering process from incident direction
Ω into the direction Ω′, and they’re related as follows:
ksca,ν(r,Ω→ Ω′) = 1
4pi
ksca(r)Pν(r,Ω→ Ω′) (2.13)
The scattering function depends only on the frequencies and the scattering
angle Θ such that:
cos Θ = Ω ·Ω′ (2.14)
This means scattering is rotationally symmetric about the direction of in-
cidence and in case of randomly oriented inhomegeneous or non-spherical par-
ticles such as ice particles or aerosol particles, it is often assumed that the
scattering angle may be defined analogously. The normalization of P is guar-
anteed since integrating (2.13) over the unit sphere yields:
1
4pi
∫
4pi
Pν(r,Ω→ Ω′)dΩ = 1 (2.15)
In the infrared spectral region the molecular scattering is negligible hence
only the clouds and aerosols scatter the radiation. The scattering of light by
homogeneous spheres is rigorously described by the so-called Mie theory. The
phase function Pν can be expanded as an infinite series of Legendre polynamials
Pl(cos Θ):
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Figure 2.4: Reference system scheme Cartesian components of vector Ω and polar
coordinate (θ,φ) and reference system of scattered radiance (θ′, φ′).
Pν(cos Θ) =
∞∑
l=0
pl,νPl(cos Θ) (2.16)
where the coefficients pl are related to the phase function by:
pl,ν =
2l + 1
2
∫ 1
−1
Pl(cos Θ)Pν(cos Θ)d cos Θ (2.17)
An explicit expression for the cosine of the scattering angle Θ = Ω · Ω′,
with the substitutions µ = cos θ (figure (2.1)) and µ′ = cos θ′, is the following:
cos Θ = µµ′ + (1− µ2) 12 (1− µ′2) 12 cos(φ− φ′) (2.18)
This relation allows us to express the scattering angle with respect to the
angles θ′,φ′ and θ,φ (figure (2.4)).
The addition theorem for the associated Legendre polynomials is given by:
Pn(cos Θ) = Pn(µ)Pn(µ
′) + 2
n∑
m=1
(n−m)!
(n+m)!
Pmn (µ)P
m
n (µ
′) cosm(φ− φ′) (2.19)
and this is used to separate the angle of the scattering phase function.
Substituting (2.19) in (2.16) P(cos Θ) can be reformulated as:
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Pν(cos Θ) =
∞∑
m=0
(2− δ0m)
∞∑
l=m
pml,νP
m
l (µ)P
m
l (µ
′) cosm(φ− φ′) (2.20)
where pml = pl
(l−m)!
(l+m)!
.
If the phase function is found with the help of the rigorous electromagnetic
theory, known as the Mie-Debye theory, we speak of the Mie phase function
PMie(cos Θ). Anyway we can approximate PMie with the help of the asymme-
try parameter gν defined as:
gν =
1
2
∫ 1
−1
cos ΘPν(cos Θ)d cos Θ (2.21)
hence merging the (2.17) and (2.21), since cos Θ = P1(cos Θ), we can also
express the asymmetry parameter as:
gν =
p1,ν
3
(2.22)
The resulting phase function is known as the Henyey-Greenstein phase
function define by:
PHG(cos Θ) = 1− g
2
(1 + g2 − 2g cos Θ) 32 =
∞∑
l=0
pl,HGPl(cos Θ) (2.23)
with pl,HG = (2l + 1)g
l and where now is not explicited the dependence on ν.
We finally define another important optical parameter called single scatter-
ing albedo which represent the amount of scattering involved in the extintion
process:
ων(r) =
kscaν(r)
kextν(r)
= 1− kabsν(r)
kextν(r)
(2.24)
In particular case of ων(r) = 1 the scattering is conservative and no ab-
sorption of radiation occurs.
2.2.3 Emission
Emission is the process that generates photons within the medium, and
occurs in the infrared spectral region due to thermal emission. As already
mentioned, in case of local thermodynamic equilibrium, the emission process
can be described by the Planckian function, hence we define a source function
Jeν for infrared emission that should be proportional to the Planck black body
function Bν at the temperature T of the layer and the absorption coefficient
kabs,ν because, according to Kirchoff’s law, it is equal to emissivity:
Jeν (r) = kabs,νBν(r, T ) (2.25)
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Figure 2.5: Heyney-Greenstein phase function. In the two panels the Heyney-
Greenstein phase functions at wavelenghts 11.2 µm and 20 µm respectively, for different values of effective
diameters are shown as function of the scattering angle Θscatt.
2.3 Energy flows in the atmosphere
Most of all energy entering the Earth’s atmosphere come from the Sun
since the upward conduction of heat from the Earth’s interior is negligible.
The incoming solar radiation is partly absorbed, partly scattered and partly
reflected by the various gases of the atmosphere, aerosols and clouds. The
remainder that reaches the Earth’s surface is largely absorbed by the oceans,
lithosphere, cryosphere and biosphere and only a small part, as reported in
figure (2.6), is reflected by the surface. Figure (2.6) shows how much is the
contribution of the clouds in the energetic balance of the Earth, they alter
radically the distribution of radiant energy and the latent heat in such a way
that it is very difficult to capture in climate models.
Until the 1980s, when ERBE (Earth Radiation Budget Exeperiment) mis-
sion started, we did not know much information about clouds neither about
coverage and altitude, nor about optical or geometrical thickness. Further-
more, since clouds reflect sunlight but preserve infrared radiation emitted by
the Earth, the solar and infrared radiation effects work against each other and
we had only theoretical calculations of which of them prevail [1].
The first results from ERBE announced by Ramanathan et al. in 1989 indi-
cated that clouds had a net global cooling effect on the Earth, so for the first
time scientists was capable to given an estimation of sunlight-reflection effect.
They could establish that this effect about 20 W/m2 or five times the energy
effect of doubling CO2. It is proven that the smaller ice particles lead to a net
13
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Figure 2.6: IPCC Global Energy Flows Global energy flows represented by IPCC
(Intergovernment Panel on Climate Change). In this figure the incoming solar flux intercepted by the
terrestrial section equivalent to about 341 Wm−2 is riported at the TOA (Top Of the Atmosphere) and
various absorption and riemission processes are shown, in particular the figure shows that 23% of the incoming
radiation is reflected by the clouds and about 7% is reflected by the ground. About 47% of the 341 Wm−2
short wave radiation is absorbed by the ground and the flux riemitted is around 493 Wm−2 of which 97
Wm−2 as non radiative processes.
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Figure 2.7: Simulated upwelling radiance in clear sky. Figure above shows
the upwelling radiance at the top of the tropsphere in clear sky. The planckian functions rappresent the
emission of black body at the ground temperature equal to 291 Kelvin (red) and the temperature of the
troposphere. We can see that in the atmospheric window the radiance coming from the ground reaches
almost completely the troposphere without absotprion, instead it’s absorbed in the other bands. In the CO2
saturation band the emission it’s coincident with the black body radiance because is emitted by the closest
layer to the observer.
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cooling of some '-40W/m2 whereas larger ice particles lead to a net warming
of '+20W/m2. Recent space-based measurements could allowed to quantify
the cirrus optical depth threshold required to change the radiance balance of
the clouds from net warming to net cooling. We can say that a net warming
occurs for cirrus if the optical depth is lower than 10 and a net cooling occurs
if is greather then 10.
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Figure 2.8: Simulated downwelling radiance in clear sky. Simulated down-
welling radiance in clear sky with the obsserver placed at 3500 m of altitude. Since at this height the
concentration of water vapour is low the pure rotationa band in FIR is well resolved; the atmospheric
window it is nearly 0 and some very trasparent microwindows in FIR around 550 cm−1 shows up.
The most important effect of clouds can be observed in the region of the
atmospheric’s spectrum where the contribution of the atmosphere in minimum.
For this reason and for technical problem to cover a wider spectral region from
satellite, measurements to characterise clouds were limited to the atmospheric
window so far. To improve the characterisation of the cloud microphysics in
this thesis we exploit the region in the far infrared of the water vapour pure
rotational band, below 500 cm−1 (20 µm).
Here below some simulations in clear sky using LBLRTM radiative transfer
model, which is a line-by-line numerical code, freely avalaible, that allows to
simulate radiative transfer in the atmosphere, are shown. Since the highest
amount of water vapour is concentrated in the troposphere, w will limit all
simulations within this region, up to around 18 km of height. In the case of
the downwelling radiance measured from ground, since the highest radiative
contribution comes from the lowest atmospheric layers and the atmospheric
trasmittance decrease with height as shown in figure (2.9), to gain insight about
the highest layers, we need to avoid the first part of the atmosphere gathering
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Figure 2.9: Simulated transmittance Simulated transmittance at the sea level (top panel)
and at 3500 m of height (bottom panel). It is clear that at higher heights, where the water vapour concen-
tration low, the transmittance increases, mostly in FIR, but also in the atmospheric window where, at the
sea level, trasparency is not perfect.
data at sites placed at very high altitude (2.8). In figure (2.7) the simulated
upwelling emission spectra at the top of the troposphere for a midlatitude
standard atmosphere are shown, where the planckian functions at temperature
291 and 271 K represent the emission of the ground and the emission at the
troposphere where the observer is placed. Figure shows that in the atmospheric
windows the spectrum is equal to the black body radiance. In figure (2.8) the
downwelling emission spectra at 3500 m of height is shown. The following
simulations in clear sky have been done via LBLRTM radiative transfer model
and show the absorption bands of the molecular species mentioned.
It is clear how much the observation height counts in the opacity of the
atmosphere, in figure (2.9) we can see that the region below 500 cm−1, where
the water vapour pure rotational band occurs, is completely opaque at ground,
indeed at 3500 m of height we have a good trasparency, hence this is the suitable
condition to explore the highest region of the troposphere where cirrus clouds
are placed (usually between 7-12 km). High altitudes are an advantage also for
measuring in the atmospheric window, where the trasmittance is almost unity
for high altitude observation sites whereas is more opaque at the sea level.
In conclusion the spectral characterisation of cirrus clouds can be performed
from ground-base measurements just only at high altitude sites, where the
atmospheric opacity is very low. The radiative contribution of clouds shows
up in a continuum that modulates the absorption bands of gases, and this
17
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Figure 2.10: Cooling rates of the main atmospheric gases The spectral cooling
rates from space produced by the main atmospheric gases, such as water vapour, carbon dioxide and ozone,
in clear sky are shown. We can see that the highest cooling effect is produced by water vapour and the
maximum is placed at high altitude close to the tropopause because at this height the residual water vapour
receives very few thermal radiation from the upper layers but emits since it is heated by the lower warmer
layers. At lo heights the cooling tends to 0 becouse every single layer the radiation receives from the upper
layer is qvery close to the tadiation from the lower layers. A high cooling effect occur also in the atmospheric
window because there’s no gases absorption there so that the thermal emission from the ground can escape
to space. CO2 and O3 have a warming effect at high altitude because other effects are involved, infact O3
absorbs the ultraviolet radiation of the Sun and CO2 is heated by the ozone.
18
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curve follow the spectral evolution of the refractive index of water and ice.
The atmospheric window is very sensitive to the variation of the cloud optical
depth, instead the far infrared region is very sensitive to changes of effective
diameter of cloud particles, namely ice crystal or water droplets.
To quantify the rate of energy gain or loss a parameter known as the heating
(or cooling) rate is defined as follow:
hν =
1
ρ(z)cp
dEν,N(z)
dz
(2.26)
where Eν,N = E
↓
ν − E↑ν is the net spectral radiative flux namely downwelling
flux - upwelling flux, cp is the specific heat at costant pressure and ρ is the
absorber density as function of the height z. As shown in figure (2.10), that
represents the cooling/heating rates of the main atmospheric gases, the maxi-
mum of cooling effect occurs in FIR, in the water vapour absorption band, at
high height, around 9-10 km, because here the thermal radiation coming from
the upper layers is very low whereas the thermal radiation from the lower layers
is high. Below this height cooling rate is almost 0 because the thermal emission
from the upper layers is balanced by the radiation coming from the lower lay-
ers, indeed, above, the concentration of water vapour is very low. Also a high
cooling occurs in the atmospheric window where the high thermal emission by
the ground is not absorbed by gases and so it can escape directly to space. A
warming effect is produced by CO2 and O3 at high height due to the capabil-
ity of the ozone to absorb the ultraviolet radiation coming from the Sun and
the absorption by CO2 of the thermal emission of the ozone. The maximum
of cooling rate produced by water vapour is placed in the upper troposphere
because for each wavenumber is derived from the vertical gradient in the at-
mospheric trasmission to space which is controlled by the vertical distribution
of water vapour in the atmosphere for clear conditions, or by the clouds in the
overcasting conditions. Since the opacity of the water vapour varies with the
wave number peaking in the FIR, the height at which the maximum cooling
occurs, meaning the height where the energy loss to space is also maximum,
also varies with the spectral range and the maximum falls down in this spectral
range. Since cirrus clouds show up at high height, exactly where the maximum
of water vapour cooling rate occurs, and they produces a warming effect, they
also produces a shift of this maximum toward to lower levels as long as the
thermal emission of the upper layer is lower than the cloud emission.
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Chapter 3
Radiative transfer in cloudy
atmosphere
3.1 Introduction to cirrus clouds
3.1.1 Cirrus radiative forcing
The last predictions of planetary surface warming within the general cir-
culation model (GCM) vary between about 1.8 ◦C and about 4.0 ◦C. The
uncertainty in understanding how clouds couple to the Earth’s climate system
impede an accurate and complete modeling of the climate change. One such
cloud type that is of particular importance to the Earth’s climate system is
cirrus.
Cirrus is the wispy thin cloud that appears high in the sky at altitudes
greater than about 6 km and, as satellite observations show, can permanently
cover 30% of the Earth’s surface, with 60-70% coverage in the tropics and it
is not confined to a particular latitude or season, so we cannot be surprised
that they are very important component of the Earth-atmosphere radiation
balance [5]. Cirrus clouds reflect, absorb, and transmit sunlight the amount of
which depends on their coverage, position, thickness, and ice crystal size and
shape distributions. Cirrus clouds can also reflect and transmit the thermal
infrared emitted by the surface and the atmosphere and, at the same time,
emit infrared radiation depending on their temperature. The ice crystal size
and shape distributions and cloud thickness are fundamental cirrus cloud’s
parameters that determine the relative strength of the so-called solar albedo
(reflection of sunlight) and infrared greenhouse (trapping of thermal radiation)
effects, which are essential components of the discussion of cirrus clouds and
climate.
These radiative effects are determined by the basic scattering and absorption
properties of ice crystals. Unlike the scattering of light by spherical water
droplets, which can be solved by the exact Lorenz-Mie theory, an exact solu-
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Figure 3.1: Upwelling radiance at the top of troposphere Simulated upwelling
radiance at the top of troposphere in case of clear sky (black) or in presence of cloud of 1 Km of thickness
at different heights and phases: 1.5 Km in liquid phase (red), at 6 Km in mixed phase (green) and at 9 Km
composed by ice only (blue).
tion for the scattering of light by nonspherical ice crystals covering all sizes
and shapes that occur in the Earth’s atmosphere does not exist in practical
term. Recent advances in this area have demonstrated that by unifying the
geometric optics approach for large particles and the finite-difference time do-
main numerical method for small particles, referred to as a unified theory for
light scattering by ice crystals, calculations of the scattering and absorption
properties of ice crystals, covering all sizes and shapes that commonly occur in
the atmosphere, can be performed with high precision. Results of this theory
have been used to assist in the remote-sensing and climate-modeling programs
involving cirrus clouds.
The energy trapping effect caused by clouds is shown by simulating the ra-
diance at the top of the atmosphere in presence of typical clouds with 1 km
of thickness placed at different heights, respectively 1.5 km (liquid cloud with
optical thickness τwater=1), 6 km (mixed phase with τwater=0.2 and τice=0.8)
and 9 km (ice cloud with τice=1), as shown in figure (3.1), where the black
spectra is the clear sky case. Infact we can see that in case of an ice cloud
(blue curve) the energy escaping to the space is lower than in the other cases.
The same simulations are plotted in figure (3.2) in brightness temperature,
namely the temperature they would have if they were perfect black body with
emissivity 1. We can see that in the atmospheric window, where trasparency
is maximum, the brightness temperature tends to be close to the ground tem-
perature equivalent to 290 K (the ground was approximated by perfect black
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body) instead in the gas absorption bands is less than ground temperature
because the energy is highly absorbed. All simulations were made using an
original model developed integrating the well-known LBLRTM code for radia-
tive transfer in the atmospheric gases with a specific code for clouds which we
will be discussed in chapter (5.1). In figure (2.2) the comparison of simulated
clear sky and overcast cases for a ground-based zenith-looking observation ge-
ometry at 3500 m of height are shown. Figures (2.2) and (3.1) show that the
far infrared contribution, below 500 cm−1, is very important in the radiation
budget.
500 1000
Wavenumbers [cm-1]
220
240
260
280
300
B
rig
ht
ne
ss
 te
m
pe
ra
tu
re
 (K
)
Figure 3.2: Simulated brightness temperatures Simulated upwelling brightness
temperature at the top of troposphere in case of clear sky (black) or in presence of cloud of 1 km of thickness
at different heights and phases as shown in figure (3.1).
The first issue concerning the role of cirrus clouds in the greenhouse warm-
ing produced by the increase of the greenhouse gases involving CO2, CH4, NO2,
CFC and O3, is the possible variation in their position and cover. Based on
the principle of thermodynamics, the formation of cirrus clouds would move
higher in a warmer atmosphere and produce a positive feedback in tempera-
ture increase because the downward infrared flux would be amplificated by the
emission of the higher clouds. A positive feedback would also be evident if the
high cloud cover increases because of greenhouse perturbations.
Some theoretical experiments were made using avalaible current climate mod-
els and they have shown that high clouds that move higher in the atmosphere
could exert a positive feedback producing an amplification of the temperature
increase. However, the intensity of this feedback and temperature amplifica-
tion have not been reliably quantified mostly because the prediction of cirrus
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cloud cover and position based on physical principals is a difficult task and
successful prediction using current climate models has been limited. The high
uncertainties and limitations of the current capability to estimate the cirrus
cloud cover and position from satellite radiometers is the main reason of the
difficulty of this task and moreover we do not have sufficient cirrus cloud in situ
measurements to correlate with the greenhouse warming that has occurred so
far. Another reason of the difficulty to determines the role that cirrus clouds
play in climate and greenhouse warming, is related to the variation of ice water
content, namely the content of ice in a cubic meter, and crystal size in these
clouds. Results produced by aircraft observations suggests that there is a cor-
relation between temperature and ice water content and crystal size, infact
they found that an increase in temperature leads to an increase in ice water
content (IWC) and ice crystals are usually larger at warmer temperatures.
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Figure 3.3: Simulated G factor Simulated G factor in case of clear sky (black) or in presence
of an ice cloud of 1 Km of thickness placed at 9 km of height, a mixed phase placed at 6 km and a liquid
cloud at 1.5 km, compared with the Planck function at the ground temperature. The figure shows that the
ice cloud the energy trapping effect is higher.
The implication of these microphysical relationships for climate is clearly
significant. For high cirrus containing primarily nonspherical ice crystals, im-
portant results from climate models suggested that the balance of solar albedo
versus infrared greenhouse effects, i.e. positive or negative feedback, depends
not only on ice water content, but also on ice crystal size. This competing
effect show up in different way for low clouds containing purely water droplets
in which a temperature’s increase of the sorrounding layers would result in a
greater liquid water content that would reflect more sunlight and leading to a
negative feedback [6]. To quantify the greenhouse effect caused by the gases
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or by the clouds a spectral greenhouse parameter was defined as follows [7]:
Gν = pi(Bν(Ts)−Ratmν ) (3.1)
where Bν(Ts) is the planck function describing the ground emission at tem-
perature Ts and R
atm
ν is the atmospheric radiance at TOA. Figure (3.3) shows
the simulations of G factor in case of clear sky (black) and in presence of an ice
cloud of 1 km of thickness placed at 9 km of height, of a mixed phase placed at
6 km and a liquid cloud at 1.5 km. Obviuosly in clear sky condition G factor
tend to 0 mostly in the atmospheric window where there no gas absorption so
most of the energy emitted by the ground escapes directy to the space, and it
is clear that high altitude clouds, such as cirrus clouds, have a strong effect in
the energy trapping.
Cirrus composition and crystal habits
Cirrus clouds show up in the upper atmosphere and in case of midlatitudes
it has been conventionally established that clouds with base heights above
about 6 km are designated as high clouds, a category that includes cirrus (Ci),
cirrostratus (Cs), and cirrocumulus (Cc).
Cirrus clouds, as already mentioned, are globally distributed, being present
at all latitudes both or without land and sea and for all seasons of the year.
They continously change their area coverage, their thickness, texture, and po-
sition. In midlatitudes the most striking cirriform cloud features are produced
by weather disturbances whereas in the tropics, cirrus clouds are related to
deep cumulus outflows produced by the convective activity over the oceans [6].
Cirrus clouds are very cold, since they are generated at very high altitudes,
and as such are composed of ice particles of various sizes and shapes, the sizes
of ice crystals can range from a few microns to many thousands of microns.
They found that this type of clouds are usually synoptically generated at mid-
latitudes and so they usually consist of ice crystal layers, with the ice crystal
average size (number or mass weighted) increasing with cloud depth, mea-
sured relative to cloud-top. The depth from the cloud-top influences the size
and shape of ice crystals because if their falls is deeper, due to gravitational
settling, they have more time to grow by means of the water vapour deposi-
tion and ice crystal aggregation. The typical range of ice crystal size found in
midlatitude cirrus can vary from about 10 µm at cloud-top to 2000-4000 µm
at the cloud bottom.
The range of ice crystal size as a function of cloud depth is expressed by
the particle size distribution (PSD) [8] and different distributions have been
observed in many measurements field campaigns. Several mathematical ex-
pressions for the size distributions have been suggested that describe the ob-
servations reasonably well, in particular four possible functions usually have
been used to describe size distributions. The number of bulk properties, such
as IWC, number concentration, etc. that can be independently introduced in a
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Figure 3.4: Crystals habits in cirrus clouds Different ice crystal habits with different
sizes which have been found in cirrus clouds at midalatitudes by in situ measurements using aircrafts.
Different kind of habits varies from single crystals to aggregates composed by many subcrystals and sizes
varies from a few microns to some thousands.
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model to describe clouds properties, are set by the number of free parameters
of any distribution. It is common to classify ice crystals according to their
maximum size L. The number of ice crystals with size between L and L+ dL
is given by n(L)dL which defines the distribution n(L). Heymsfield and Platt
(1984) presented a power-law for the size distribution:
n(L) = ALB (3.2)
Ryan (1996) suggested an exponential form:
n(L) = aexp(−L
b
) (3.3)
Mitchell (1991) used a Γ-distribution:
n(L) = γLαexp(−L
β
) (3.4)
Some observations show a bimodal spectrum which can be described by the
sum of two Γ-distributions (Harrington et al., 1995):
n(L) = γ1L
α1exp(− L
β1
) + γ2L
α2exp(− L
β2
) (3.5)
The four suggested functions cover a wide range of possible size distribu-
tions. The number concentration of the ice crystals becomes:
N =
∫ Lmax
Lmin
n(L)dL (3.6)
Lmin and Lmax represent the integration limits, namely the minimum and
maximum particle size respectively.
The volume of an individual crystal for a particular habit h and with size L
is Vh(L) and its projected area is Ph(L). The projected area is the area of
the crystal’s shadow on a plane perpendicular to the incoming radiation. For
randomly oriented convex particles, Ph is equal to
1
4
of the surface area and less
for dendritic and hollow particles. For each h-th habit the total mean volume
Vh and the total mean projected area Ph are given by:
Vh =
∫ Lmax
Lmin
Vh(L)n(L)dL (3.7)
Ph =
∫ Lmax
Lmin
Ph(L)n(L)dL (3.8)
More recent cloud and laboratory studies attempted to classify ice crystal
shape as a function of environmental temperature. The crystal size in the cirrus
clouds in general increases with optical depth, as a result of the measurements,
and then the complexity of ice shape increases as well. As the ice crystal grows
with cloud depth the shapes of ice crystals can become more progressively
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complex. At cloud-top these ice crystal shapes can take a variety of simple
forms such as hexagonal columns, plates, bullets and bullet-rosettes as reported
in figure (3.5).
Figure 3.5: Basic shapes for ice crystals in cirrus clouds Basic habits componing
the ice crystals which can occur in the cirrus clouds, starting from bottom we see the simplest spherical and
droxtal which grows up usually at the cloud top at low temperature up to the top where the most complex
shape, such as aggregate and bullet rosette, are shown.
However, the smallest ice crystals less than about 60 µm in size, which
usually grows up at the cloud-top where temperature is very low, can appear
as quasi-spherical particles. With increasing depth within the cloud, relative
to cloud-top, due to the process of sedimentation, the more simple pristine ice
crystals can become aggregated generating complex aggregates of these shapes
(3.5). The complex ice aggregates that are formed through the process of sedi-
mentation are non-symmetric but these non-symmetric ice crystals may also be
composed of components which are themselves symmetric such as hexagonal
columns, plates or bullet-rosettes. Figures (3.4) [8] represents the ice crystals
found in midlatitudes cirrus clouds and highlights the variation of ice crystal
shape, observed at midlatitude, from cloud-top to cloud-base. Not only does
cirrus vary substantially in ice crystal size but also in ice crystal shape.
Optical and microphysical properties
To calculate the radiative transfer in the infrared region we need the single
scattering parameters, including extintion and absorption efficiencies or optical
thicknesses, and hence single scattering albedo and scattering phase function
or asymmetry factor, which is the first-order moment of the phase function.
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In turn, the scattering and absorption properties of ice particles depends on
the habit (or shape) and size of the particles, the complex refractive index
an the incident wavelength. Many different methods are developed to provide
scattering and absorption properties for nonspherical ice particles in the in-
frared spectral range, in particular the finite-difference time domain (FDTD)
method [9] is usually used when the size parameter x = piD
λ
, defined as the ratio
between the maximum dimension D of the particles with respect to the wave-
length λ, is lower then 20. For size parameters larger then 20, the improved
geometric optics method (IGOM) [10], [11] is used. Some studies [12] attribute
this discontinuity to a tunneling effect that is neglected in the ray-tracing ap-
proach. Composite methods to combine results from the FDTD method, the
IGOM and Lorentz-Mie theory was developed. FDTD technique that solves
the Maxwell equations in the time domain by using the finite-difference ana-
log and is flexible for appplications to light scattering by irregular particle.
These composite methods are based on a linear combination of the equivalent-
spherical solution and the IGOM results for moderate to large size parameters.
The weighting coefficient in the combination are selected to achieve a smooth
transition from FDTD solution to the composite solution.
The derivation of bulk microphysical and scattering/absorption properties are
obtained by integrating the single-scattering properties for the simulated ice
particles over the each of the particles size distributions and, if different habits
of the particles are considered, also over the shape distributions. Hence we can
distinguish two possible definitions, depending on if we consider or not a habit
distribution, of the total projected area and the total volume of ice per unit
volume of air for given particle size and habit distributions and they are given
by:
Atot =
M∑
h=1
[
∫ Lmax
Lmin
Ah(L)fh(L)nh(L)dL] (3.9)
and
Vtot =
M∑
h=1
[
∫ Dmax
Dmin
Vh(D)fh(D)nh(D)dD] (3.10)
where fh(L) is the ice-particle habit fraction for h-th habit, Lmin and Lmax
describe the minimun and maximun particle sizes in the distribution of a spe-
cific particle habit h-th for size L, and Ah(L) and Vh(L) are the area and
volume of a specific particle of h for size L, respectively. Moreover, in the
same manner, two different effective diameter are defined for the ice particles
as the diameter they would have if they were spherical, Dge is the generalized
effective diameter [12] and is defined as follow:
Dge =
3
2
∫ Lmax
Lmin
V (L)n(L)dL]∫ Lmax
Lmin
A(L)f(L)n(L)dL]
(3.11)
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with V (L) = D2Ln(L), A(L) = [DL +
√
3
4
D2]n(L) and D is the width of
the particle, or simply the effective diameter De defined as:
De =
3
2
∑M
h=1[
∫ Lmax
Lmin
Vh(L)fh(L)nh(L)dL]∑M
h=1[
∫ Lmax
Lmin
Ah(L)fh(L)nh(L)dL]
(3.12)
where
∑N
h=i fh = 1 is the normalized habit distribution of the ice particles;
in this case Vh(L) = D
2Ln(L) but Ah(L) = DL depends on the kind of habit
and it’s equivalent to (3.11), hence to Dge, in case of hexagonal columns only.
The effective diameter De, as follow by (3.12), is determined by particles shapes
and sizes. These two parameters, De and Dge, are in the following relationship:
De =
3
√
3
4
Dge (3.13)
For a hexagonal column the volume and projected area of the particles
depends on a parameter, so called aspect ratio, that correlates the width D
with the length L:
α =
D
L
(3.14)
This parameter change depending on the particular kind of habit and it
allows to derive D from the length L, hence the volume Vh(L) and projected
area Ah(L) for each habit distribution. Such as for atmospheric gases, we define
absorption, scattering and extintion coefficients (βa,s,e) for cloud particles, such
that:
βabs =
∫ Lmax
Lmin
σabs(L)n(L)dL =
∫ Lmax
Lmin
pi
4
D2Qabs(L)n(L)dL (3.15)
βext =
∫ Lmax
Lmin
σext(L)n(L)dL =
∫ Lmax
Lmin
pi
4
D2Qext(L)n(L)dL (3.16)
βsca = βext − βabs (3.17)
σabs(L) is the absorption cross section for a single crystal. When absorp-
tion is small (skin depthparticle size), σabs = [4pimi(λ)]λ−1V (L), instead
for strong absorption (skin depthparticle size) σabs is equal to the geometric
cross-section area (pi
4
D2 ) of the particle since radiation is absorbed over a thin
surface layer, where λ is the wavelength, mi is the immaginary part of the
refractive index of ice, and V (L) is the particle volume [13], Qa,e(L) is the
absorption/extintion efficiency. Thus for hexagonal ice crystals,
σabs =
3
√
3pimi(λ)
2λ
D2L (3.18)
30
3.1. Introduction to cirrus clouds
such as (2.24) finally we define the single scattering albedo for ice particles
defined by:
ω = 1− βabs
βext
= 1− τabs
τext
(3.19)
More often the average of the optical parameters are considered:
〈Qa,e〉 =
∫ Lmax
Lmin
[
∑N
h=1 fh(L)Qa,e(L)Ah(L)]nh(L)dL∫ Lmax
Lmin
[
∑N
h=1 fh(L)Ah(L)]nh(L)dL
(3.20)
〈g〉 =
∫ Lmax
Lmin
[
∑N
h=1 fh(L)gh(L)Qs,h(L)Ah(L)]nh(L)dL∫ Lmax
Lmin
[
∑N
h=1 fh(L)Qs,h(L)Ah(L)]nh(L)dL
(3.21)
〈ω〉 =
∫ Lmax
Lmin
[
∑N
h=1 fh(L)Qs,h(L)Ah(L)]nh(L)dL∫ Lmax
Lmin
[
∑N
h=1 fh(L)Qe,h(L)Ah(L)]nh(L)dL
= 1− 〈Qa〉〈Qe〉 (3.22)
Finally we define the IWC as:
IWC(z) = ρi
∫ Lmax
Lmin
M∑
h=1
Vh(L, z)nh(L, z)dL (3.23)
where ρi is the ice density assumed to be 917 Kg/m
3 and z is the height.
Integrating (3.23) over the entire thickness of the cloud we obtain another im-
portant parameter called IWP (Ice water Path) which rappresent the amount
of ice contained in the column of 1 m2 of base surface, in units g/m2:
IWP =
∫ zt
zb
IWC(z)dz (3.24)
Merging (3.23), (3.24), (3.20) and (3.12) we abtain the following espression
for optical thickess as function of effective diameter [14]:
τext =
3
2
IWP
ρiDe
〈Qe〉 (3.25)
3.1.2 Molecular absorption lines
The absorption/emission spectrum generated by the rotational and vibra-
tional motion of a molecule, not electronically excited, is located in the in-
frared region. Since a system in an excited state can emit radiation even in
the absence of an electromagnetic field, the theory of radiation should take into
account the calculation of the transition probability of spontaneous emission.
Using equations (2.9) the intensity of spectral absorption/emission is given by
the Beer’s law:
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dIν = −dτνIν = −kνIνds (3.26)
where Iν is the incoming radiance to the surface element with thickness
ds. Considering the small frequency interval occupied by spectral line, the
radiative energy coming from a nearly parallel beam varies so little that Iν
may be treated as a costant and integrating over all frequencies we obtain:
dIν = −Iνds
∫ ∞
−∞
kνdν = −SIνds (3.27)
where S =
∫∞
−∞ kνdν is the line intensity or line strength. Hence we also
can write kν as:
kν = Sf(ν − ν0) (3.28)
such that
∫∞
−∞ f(ν − ν0)d(ν − ν0) = 1, where ν0 is the transition frequency
of the line center and f is the so-called line shape factor. f describes the
line broadening due to the molecular interactions caused by the pressure of
the gases and the Doppler effect due to the traslational velocity of molecules.
These effects makes the line shape factor is not a Dirac δ-function centered
on the transition frequency ν0. The broadening due to the gas pressure is
represented mathematically is a normalized Lorentz distribution:
fL(ν − ν0) = 1
pi
αL
α2L + (ν − ν0)2
(3.29)
where αL is the Lorentz half-width which depends on gas pressure and
temperature as follow:
αL(p, T ) = αL,0
p
p0
√
T0
T
(3.30)
αL,0 is calculated at reference values of the pressure and temperature (p0, T0).
The broadening due to Doppler effect is represented by a normalized gaussian
distribution:
fD(ν − ν0) =
√
ln 2√
piαD
exp [−((ν − ν0)
√
ln 2
αD
)2] (3.31)
Hence the kν coefficient can be written as the convolution of both contri-
butions, Gauss and Lorentz distributions also called Voigt line factor fV :
kν,V = S
∫ ∞
−∞
fD(ν
′
0 − ν0)fL(ν − ν ′0)dν ′0 = SfV (ν − ν0) (3.32)
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3.1.3 Continuum absorption of gases
The far wings of the collisionally broadened spectral lines of gases con-
tributes to the absorption, mostly in the trasparency bands, such as the at-
mospheric window. This effect show up in a deviation of the contribution rep-
resented by the Lorentz distribution in the line shape factor f and is treated
semi-empirically to provide agreement with experimental results and its tem-
perature dependence. The most important continua contribution is due to
water vapour and to both water-water molecular broadening (self-broadening)
and water-air molecular broadening (foreign broadening). At the moment a
universally accepted definition of continuum absorption has not been estab-
lished yet and this makes more difficult the explanation of the effect. The
regions of the amospheric spectrum in which the continuum absorption has a
strong effect are the atmospheric windows located in the microwave and the
infrared. A theoretical description of the continuum effect on the line shape
and its temperature-dependence from line center to the far line wing has been
developed by Clough using a suitable treatment of the physical processes oc-
curring in the time associated with the duration of collision. The continuum
absorption coefficient may be defined as [15]:
kc,ν = R(ν)
∑
i
Si[fc(ν − νi)χi(ν − νi) + fc(ν + νi)χi(ν + νi)] (3.33)
where R(ν) describes the stimulated emission, fc(ν ∓ νi) is defined in fol-
lowing way:
fc(ν ∓ νi) =
{
1
pi
αi
252+α2i
| ν ∓ νi |≤ 25cm−1
1
pi
αi
(ν∓νi)2+α2i
| ν ∓ νi |≥ 25cm−1 (3.34)
The semi-empirical function χ is defined as follow:
χ =
{
1− (1− χ′) (ν∓νi)2
252
| ν ∓ νi |≤ 25cm−1
χ′ | ν ∓ νi |≥ 25cm−1 (3.35)
where the self-broadening χs is obtained by setting χ
′ = χ′s with:
χ′s = 8.63 exp(−z21) + (0.83z22 + 0.033z42) exp(− | z2 |) (3.36)
with z1 = (ν∓νi)/400 and z2 = (ν±νi)/250 at 296K. For the foreign continuum
χf is obtained by setting χ
′ = χ′f in (3.35) with:
χ′f = 6.65 exp(−z21) (3.37)
where z1 = (ν ± νi)/75.
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3.2 Radiative transfer in the presence of clouds
Starting from the radiative transfer equation (RTE) for a three-dimensional
medium:
1
βext,ν
Ω · ∇Iν = −Iν + ων
4pi
∫
4pi
Pν(Ω ·Ω′)Iν(Ω′)dΩ′ + J
e
ν
βext,ν
(3.38)
Splitting the radiance in the solar and the thermal infrared components as
follow:
Iν = Id,ν + Sνδ(Ω−Ω0) (3.39)
where Sν and Ω0 are the flux and the direction of incidence of the Sun
beam respectively, replacing (3.39) in (3.38) and using Ω · ∇Iν = dIν/ds yield
to the form:
1
βext,ν
dIν(s)
ds
= −Iν(s)+ων
4pi
∫
4pi
Pν(Ω′·Ω)Iν(s,Ω′)dΩ′+ων
4pi
Pν(Ω·Ω0)Sν(s)+ 1
βext,ν
Jeν (s)
(3.40)
where the first term in the right side rappresents the extintion of the radi-
ance incoming in the direction of s on the infinitesimal layer ds, given by:
ds =
dz
µ
(3.41)
where µ is the cosine of angle θ describing the direction of the radiation
with respect to the z-axis. For upward directed radiance µ > 0 while for
downward directed radiance µ < 0 so the radiation propagating in the upward
and donward vertical direction is specified by µ = 1 and µ = −1, respectively,
figure (3.6).
The second term in equation (3.40) represents the gain due to the multiple
scattering from all directions toward s, the third term is the solar contribution,
which doesn’t occur in the far infrared region, and the last one is the thermal
isotropic emission of ds. As already mentioned for a black body the emission
function is given by Kirchhoff’s law:
Jeν = kabs,νBν(T (s)) with
kabs,ν
kext,ν
= 1− ων (3.42)
The direct solar radiation is expressed by:
Sν(s) = S0,νexp(−
∫ s
0
kext,ν(s
′)ds′) = S0,νexp(− 1
µ0
∫ ∞
z
kext,ν(z
′)dz′) (3.43)
The optical thickness τν is defined as the integral of the extintion coefficient
over height along a path perpendicular to the horizontal plane, hence:
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Figure 3.6: Illustration of the plane-parallel geometry. The left panel shows
the rappresentation of the atmosphere by means of the plane-parallel geometry where the optical thickness τ
increase toward the ground level, where assumes the value τg . The right panel shows the angular coordinates
at a reference level, where θ is the angle with respect to z axis of the incident and outgoing radiance. In this
system the downwelling radiation is represented by negative cosines (µ < 0) whereas upwelling radiation by
positive cosines (µ > 0).
τν =
∫ ∞
z
kext,ν(z
′)dz′ or dτν = −kext,νdz (3.44)
In this representation the optical thickness τ is 0 at the top of the atmo-
sphere and increase toward the ground, where it reaches the maximum value
τg.
In a plane-parallel medium, that is our assumption to modelised atmosphere,
the only spatial variable is the altitude z. The form of radiance, since it is
a periodic function in the azimuth angle φ (see figure (2.4)) counted from an
arbitrary origin, may be expressed by an expansion on the all Fourier modes
m as follow:
I±(τ, µ, φ) =
∞∑
m=0
(2− δ0m)Im± (τ, µ) cosmφ (3.45)
Finally, using the (2.19), one finds for the plane-parallel approximation of
the RTE the integro-differential equation for the upwelling (I+,ν) and down-
welling (I−,ν) radiance for each m-th Fourier mode:
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µ
d
dτ
Im+,ν(τ, µ) = I
m
+,ν(τ, µ)− Jm+,ν(τ, µ)
µ
d
dτ
Im−,ν(τ, µ) = −Im−,ν(τ, µ) + Jm−,ν(τ, µ)
m = 0, 1, ...,Λ, µ > 0
(3.46)
where
Jm±,ν(τ, µ) =
ων
2
∫ 1
0
[I±,ν(τ, µ′)Rm(±µ, µ′) + Im∓,ν(τ, µ′)Rmν (±µ,−µ′)]dµ′+
ων
4pi
S0exp(− τ
µ0
)Rmν (±µ, µ0) + (1− ων)Bν(T (τ))δ0m
(3.47)
with µ > 0, µ′ > 0 and Rmν (µ, µ
′) =
∑∞
l=m p
m
l,νP
m
l (µ)P
m
l (µ
′)
The generic solution for the upwelling and downwelling radiation is then
given by:
Im+,µ(τ, µ) = exp(−
(τg − τ)
µ
)I+,ν(τg, µ) +
1
µ
∫ τg
τ
exp(−(τ
′ − τ)
µ
)Jm+,ν(τ
′)dτ ′
(3.48)
Im−,µ(τ, µ) = exp(−
τ
µ
)I−,ν(0, µ) +
1
µ
∫ τ
0
exp (−(τ − τ
′)
µ
)Jm−,ν(τ
′)dτ ′ (3.49)
Considering the radiation in FIR for gases, for which only absorption take
place, the scattering term and solar contribution in (3.47) vanish, hence the sin-
gle scattering albedo became 0, and since the thermal emission in atmosphere
is mostly isotropic, so that the (3.46) reduces to:
µ
d
dτ
I+,ν(τ, µ) = I+,ν(τ, µ)−Bν(τ)
µ
d
dτ
I−,ν(τ, µ) = −I−,ν(τ, µ) +Bν(τ)
µ > 0
(3.50)
and the solutions assume the form:
I+,ν(τ, µ) = Bg exp(−τg − τ
µ
) +
1
µ
∫ τg
τ
B(τ ′) exp(−τ
′ − τ
µ
)dτ ′
I−,ν(τ, µ) = I−,ν(0, µ) exp(−τ
µ
) +
1
µ
∫ τ
0
B(τ ′) exp(−τ − τ
′
µ
)dτ ′
(3.51)
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where Bg is the Planck function at the ground temperature.
Finding a solution of the radiative transfer equation in case a cloud occurs it
is not a simple problem to solve. To do that the approximation of the cloud
by a single, parallel and uniform layer was made. This is a strong assumption
but it’s also a good appriximation of the complex system. The most common
methods in letterature to solve the problem of radiative transfer under the
above approximation are the two-streams methods, such as the Eddington
approximation with the δ-scaled phase function, used here below.
In the classical Eddington approximation the radiance is arranged by means
of:
I(τ, µ, φ) = I0(τ) + µI1(τ) (3.52)
so that I is indipendent of the azimuthal angle φ. A particular difficulty
to solve RTE in presence of aerosols or clouds composed by ice particles or
water droplets is associated with the fact that the scattering phase function for
such particle populations is highly peaked in the forward direction. For cloud
particles the energy scattered within an angle interval of about 5◦ is four or five
magnitudes larger than that part of the energy related to sideward or backward
scattering. In order to incorporate the forward diffraction contribution in the
scattering computations is usefull introducing the following form of the phase
function letting f rappresent the part of the radiation which is scattered in
the forward direction:
P∗ν (cos Θ) = 2fνδ(1− cos Θ) + (1− fν)
n−1∑
k=0
p∗kPk(cos Θ) (3.53)
where the term of the right-hand side rappresents the forward scattering
contribution. The modified expansion coefficients p∗k will now be determined in
such a way the first nmoments p∗0,ν , p
∗
1,ν ,...,p
∗
n−1,ν of the modified phase function
P∗ν are equal to the corresponding moments of the original phase function
Pν . Expressing δ-function as an infinite series of Legendre polynamials and
applying the orthogonality relations:∫ 1
−1
Pmn (x)P
m
l (x)dx =
2
2l + 1
(l +m)!
(l −m)!δnl (3.54)
the coefficients P ∗l results be expressed as:
p∗l,ν =
pl,ν − (2l + 1)fν
1− fν , l = 0, 1, ..., n− 1 (3.55)
Since the modified phase function is truncated after the (n − 1)th term,
that is p∗l,ν = 0 for l ≥ n, f is determined as follow:
fν =
pl,ν
2l + 1
, l ≥ n (3.56)
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Using this approximation for phase function optical parameters results to
be scaled in the following way:
βext,ν → β∗ext,ν = (1− ωνfν)βext,ν
ων → ω∗ν =
(1− fν)ων
1− ωνfν
(3.57)
hence considering the Henyey-Greenstein function (2.23) as good approxi-
mation for the FIR scattering function fν =
p2,ν
5
= g2ν and using the (3.55) we
obtain:
g∗ν =
p∗1,ν
3
=
gν
1 + gν
β∗ext,ν = (1− ωνg2ν)βext,ν
ω∗ν =
(1− g2ν)ων
1− ωνg2ν
(3.58)
and finally, to include the effect of water vapour and gaseous absorption
within the clouds layers the total scaled optical properties τ ′ν , ω
′
ν and g
′
ν must
be weighted by the total cloud and gaseous optical depths using the following
relations [5]:
g′′ν = g
′
ν
τ ′ν
τ ′ν,tot
(3.59)
ω′′ν = ω
′
ν
τ ′ν
τ ′ν,tot
(3.60)
where the unscaled total optical thickness is given by τν,tot = τν + τν,gas.
Putting the radiance in the form (3.52), the multiple scattering integral in
equation (3.47) may be evaluated by means of (2.16) and the orthogonality
relations for the Legendre polynomials (3.54) yielding:∫ +1
−1
Pµ(µ, µ′)(I0 + µ′I1)dµ′ = 2(I0 + gνµI1) (3.61)
hence a consequence of the Eddington approximation is that the phase
function is truncated after the linear term:
PE,ν(µ, µ
′) ' 1 + 3gνµµ′ (3.62)
The fluxes in downward and upward direction are expressed as:
E±,ν(τ) = 2pi
∫ 1
0
µIν(τ,±µ)dµ (3.63)
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Expressing I0 and I1 as functions of E± and introducing in (3.52) and
integrating over the φ angle we obtain for the radiance:
IE,ν(τ,±µ) = 1
2
[(2± 3µ)E+,ν(τ) + (2∓ 3µ)E−,ν(τ)] (3.64)
Follow Deeter and Evans [16], substitution of equations (3.64) and equa-
tion (3.62) into (3.50) transforms the RTE into two coupled linear differential
equations in E+,µ(τ) and E−,µ(τ). Calculation [16] led to the end solution of
the radiance:
IE,ν(τ, µ) = e
− τ
µ Iν(0, µ)+Db[1−e−
τ
µ ]+
D+
1− λµ [1−e
τ(λ− 1
µ
)]+
D−
1 + λµ
[1−eτ(λ+ 1µ )]
(3.65)
where I0,ν is the downwelling radiance at the cloud top along the viewing
direction µ, λ =
√
3(1− ω)(1− ωg) and the coefficients Db, D± depend on λ,
τ , ω and the upwelling radiance at the cloud bottom and downwelling radiance
at the cloud top as reported in appendix (A).
This method is a so-called two stream method and represent a good approxima-
tion of the RTE solution and it will be used in the following chapters, however,
considering the computational effort to determine the up- and downward flux
densities, a quasi-exact solution method, such as the discrete ordinate method
[17], represents a high accurate alghoritm that can be used to solve the RTE.
Some radiative transfer code such as LBLDIS [18] use this algorithm to solve
the propagation of the radiation in atmosphere in the presence of clouds [19].
3.3 Cirrus clouds models
To solve the equation (3.65) a parameterisation of the optical coefficients
τ , ω and g is necessary. For this purpose two different spectroscopic databases,
one for typical particle distribution of midlatitude cirrus clouds provided by
P.Yang et al. [14] and a second one for hexagonal columns particles provided
by Fu and Liou [13], were used.
The midlatitude model gives the single scattering properties in the spectral
range between 3333-100 cm−1 (3-100 µm) and it takes into account the contri-
bution of different ice crystal habits, such as droxtal, exagonal columns, plates,
bullett rosettes, aggregates, cilinders and spheroids. The database provide a
set of spectroscopic coefficients ηi, ξj and ζj with i = 1, 2, 3 and j = 1, 2, 3, 4 for
49 wavelenghts in this spectral region which allows us to calculate the expec-
tation values of extinction and absorption efficiencies and asymmetry factor
according to:
〈Qe〉 = 2 + η1D
−1
e
1 + η2D−1e + η3D−2e
(3.66)
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Figure 3.7: Spectral dependence of optical parameters Spectral dependence
of optical efficiencies and asymmetry factor for a cloud composed by hexagonal columns varying effective
diameters.
〈Qa〉 = ξ0 + ξ1D
−1
e
1 + ξ2D−1e + ξ3D−2e
(3.67)
〈g〉 = ζ0 + ζ1D
−1
e
1 + ζ2D−1e + ζ3D−2e
(3.68)
The database is computed from a composite method based on the finite dif-
ference time domain (FDTD) technique, the improve geometric optical method
(IGOM) and the Lorenz-Mie solutions for equivalent spheres. For the single-
scattering properties of spheroids, the rigorous T-matrix code [20] for small
and moderate size parameters were used.
Since the single scattering properties depend on the ice habits and their
typical percentages for any given size distribution, on the basis of available in
situ observations, to develope the model the authors assumed that the mid-
latitude cirrus clouds consist of 50% bullet rosettes, 25% hollow columns, and
25% plates when the maximum dimension of an ice particle is smaller than
70 µm. For larger particles, they assumed that bullet rosettes and aggregates
dominate the particle size distribution, where the particles are composed of
30% aggregates, 30% bullet rosettes, 20% hollow columns, and 20% plates.
Introducing the aspect ratio α as the ratio of the width D with respect to the
length L of an ice particles:
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Table 3.1: Table of habits and aspect ratios Table of the aspect ratios and cavity
depths used in the calculations for each habit and range of length L or width D for the midlatitude cirrus
cloud model provided by P.Yang.
Habit Aspect ratio Range Cavity depth
Hexagonal colums 0.70 L < 100 µm no cavity
0.696L−0.5 L > 100 µm
Hollow columns 0.70 L < 100 µm 0.25L
0.696L−0.5 L > 100 µm 0.25L
Plates 1 D ≤ 4 µm no cavity
D/2 4 µm < D < 10 µm
2D0.526/2.4883 D ≥ 10 µm
Spheroids 0.5 everywhere no cavity
Bullet rosettes 2.3104L−37 everywhere no cavity
Spheres and Droxtals 1 everywhere no cavity
α =
D
L
(3.69)
for each ice crystal habit a different aspect ratio was defined as reported
in table (3.1). Using equation (3.25) and (3.22) we can express the optical
thickness τext and the single scattering albedo ω by means of the efficiencies
of equations (3.66) and equation (3.67) and they may be used in the equation
(3.65) to find the radiance solution.
The second model used is based only on the hexagonal columns and it
modelises the optical parameters by a set of spectroscopic coefficients ai, bj
and cj, with i = 0, 1, 2 and j = 0, 1, 2, 3 in the spectral range between 100-
2500 cm−1 (4-100 µm) for 36 wavelengths. The extinction and absorption
thicknesses and asymmetry factor for a single uniform layer, are expressed as
function of generic effective diameter Dge (eq. 3.11) as follow:
τext = IWP (a0 +
a1
Dge
+
a2
D2ge
)
τabs =
IWP
Dge
(b0 + b1Dge + b2D
2
ge + b3D
3
ge)
〈g〉 = c0 + c1Dge + c2D2ge + c3D3ge
(3.70)
In this case the aspect ratio used for hexagonal columns is:
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Figure 3.8: Cirrus cloud emitted radiance Cirrus randiance simulated neglecting
atmospheric contribution using database provided by Ping Yang for midlatitude cirrus clouds. In the left
panel radiance was simulated fixing IWP and varying the effective diameter whereas in right panel De was
fixed varying IWP. We see that the FIR band is strongly more sensitive to the diameters variations then
atmospheric window whereas this difference is not so high for IWP.
D
L
=

1.00 0 < L ≤ 30µm
0.80 30 < L ≤ 80µm
0.50 80 < L ≤ 200µm
0.34 200 < L ≤ 500µm
0.22 L > 500µm
(3.71)
As for previous model using the equation (3.19) all optical parameters may
be used to solve the radiance solution in equation (3.65) .
The differences in the spectral trends of the optical effiencies and asymmetry
factor between the two models, are shown in figure (3.9).
The expression of the radiance emitted by a cirrus cloud neglecting may be
obtained neglecting the atmospheric radiance in equation (3.65) and setting to
ω = 1 in the coefficients of appendix (A). Figure (3.8) shows radiance simu-
lations for a cloud with temperature -40◦C for different values of the effective
diameters and IWP for the complete spectra between 100 and 1600 cm−1 ,
introducing a diffusivity coefficient which take into account the contribution
in the emissivity due to the gain of scattering from all directions obtaining the
form proposed by Chylek and Ramaswamy [21] and Stephens [22]:
Iν = (1− e−1.66τa)B(Te) (3.72)
where τa is the optical absorption thickness of the cloud, 1.66 is the diffu-
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Figure 3.9: Comparison between the cirrus models Comparison of the spectral
efficiencies and asymmetry factor calculated using both the midlatitude model (black) and the hexagonal
columns model (red).
sivity factor and B(Te) is the Planck function at the effective temperature Te
of the cloud. The optical parameters for the ice cloud are calculated with the
above parameterisation taking an effective diameter equal to 116 µm, IWP=20
g/m2 and temperature of -39 ◦C as shown in figure (3.7).
3.3.1 Mixed phase clouds
To take into account the clouds in mixed phase, that can accour mostly
in polar atmospheres, a good parameterisation assumes the cloud to be an
uniform mixture of ice and water particles. Following [23] the extintion optical
thickness τe,ν of the mixed-phase cloud is the sum of the contribution of water
and ice components, given by:
τe,ν =
3
2
〈Qei〉ν
IWP
Deiρi
+
3
2
〈Qew〉ν
LWP
Dewρw
(3.73)
where Qew, Dew, ρw and LWP are, respectively, the extintion efficiency,
effective diameter for water droplets, the density of water and the liquid water
path. We introduce the total water path TWP , the ice fraction γ and the
effective density ρe of the mixed-phase cloud as follow:
TWP = IWP + LWP (3.74)
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γ =
IWP
TWP
(3.75)
1
ρe
= (
γ
ρi
+
1− γ
ρw
) (3.76)
The effective size of the mixed-phase cloud is determined by the effective
sizes associated with the ice and water components, the ice fraction and effec-
tive density. Assuming the definitions of TWP , γ and ρe, the formulation for
the extintion coefficient is derived as follow:
τe,ν =
3
2
〈Qe〉ν
TWP
Deρe
(3.77)
with the mean extintion efficiency 〈Qe〉ν given by:
〈Qe〉ν = 〈Qei〉ν
Deρeγ
Deiρi
+ 〈Qew〉ν
Deρe(1− γ)
Dewρw
(3.78)
〈Qa〉ν = 〈Qai〉ν
Deρeγ
Deiρi
+ 〈Qaw〉ν
Deρe(1− γ)
Dewρw
(3.79)
and the effective asymmetry parameter ge:
〈ge〉ν = 〈gi〉ν
(〈Qei〉ν − 〈Qai〉ν)Deρeγ
(〈Qe〉ν − 〈Qa〉ν)Deiρi
+ 〈gw〉ν
(〈Qew〉ν − 〈Qaw〉ν)Deρe(1− γ)
(〈Qe〉ν − 〈Qa〉ν)Dewρw
(3.80)
To determine cloud phase unumbiguosly with passive remote sensing instru-
ments, we must consider the range of wavelenghts in which the absorption by
ice and water flips with respect to each other. Infact figure (3.10) demonstrates
that in the infrared between 8 and 25 µm the absorption of ice is sometimes
greater than water and at other wavelengths is lower.
Parameterisation of the optical properties of liquid water was done using
the database provided by Hu and Stamnes [24]. The optical parameters are
modelised as follow:
τe,ν = LWP (a1r
b1
e + c1)
1− ων = a2rb2e + c2
gν = a3r
b3
e + c3
(3.81)
where re is the effective diameter of water droplets, LWP is the liquid water
path, and coefficients ai, bi and ci (i = 1, 2, 3) are tabulated for 50 wavelenghts
between 4 and 100 µm. As an example figure (3.11) shows the simulation of the
spectral downwelling radiance calculated for an observer at 3500 m of height
of a cloud in different phases (ice only and mixed) placed at 5500 m and 500
m of thickness.
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Figure 3.10: Water and ice rifraction indexes and absorption coeffi-
cients The imaginary refractive indices of water and ice (upper panel) and the associated absorption
coefficients (bottom panel). We can see that ice is more absorbing in the atmospheric window than water
whereas water is more absorbing in the FIR below 700 cm−1 , in particular the peak absorption for ice
occurs at about 800 cm−1 indeed the peak of water is shifted around 700 cm−1 . This different behaviors
allow us to discriminate the radiative contributions of the each components in the retrieval procedure.
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Figure 3.11: Simulated spectra varying the ice fraction Simulated spectra of
clear sky and single and mixed phase clouds at standard Antarctic atmosphere. Cloud’s parameters has
been set as follow: Dei = 50 µm,Dew = 30, TWP=5 g/m
2, Te=-30◦C at 5.5 km and 0.5 km of thickness
and the observer placed at 3.2 km a.s.l. Single and mixed phase clouds (red, green and blue) are simulated
with γ = 1.0, 0.8 and 0.34, τi and τw for the three cases are 0.42, 0.21 and 0.34 for ice and 0.00, 0.20, 0.1
for water.
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Chapter 4
Wide-band spectrally-resolved
measurements
The essential problem of spectrometry is the measurements of the intensity
of light as function of frequency or wavelength. A Fourier transform spec-
trometer (FTS) is a multiplex instrument, where the spectral information is
encoded in such a manner that the intensity distribution at all frequencies is
measured simultaneously by a single detector.
A FTS is composed by an interferometer which allows us to convert each sin-
gle optical frequency componing the incoming radiation into an electronical
detectable signal. The simplest optical configuration is the Michelson interfer-
ometer shown in figure (4.1), where the source light is collimated by the input
optics and divided by the beamsplitter (ideally 50% trasmitting and 50% re-
flecting) so that two beams can travel separately through the two arms of the
interferometer. The beams are reflected by plane mirrors and recombined by
the same beamsplitter unit, into a single beam, which is focused onto a detec-
tor.
With monochromatic light incident on the instrument, and when the optical
pathlength and beamsplitter phase shifts in the two arms of the interferome-
ter are equal, then the beams interfere costructively at the detector, and the
field is bright. If either or both of the mirrors are moved so that the path
lengths differ, then the field is bright to an extent determined by the degree
of constructive or descructive interference as a result of the total optical path
difference. When the mirrors are moved at costant speed, the signal at the
detector alternates between maximum and minimum in a sinusoidal way. The
mathematical expression for the interference of the combined beams consists of
two terms, a costant term and an interference term that contains the spectral
information.
If E0e
ı(ωt−2piνx) is the electric field associated to a monocromatic radiation emit-
ted by the source (figure (4.1)) and ER(l1, l2) is the electric field associated to
radiation which reaches the detector as function of the arms lenghts l1 and l2,
the interference produced by the fields became:
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Figure 4.1: Michelson interferometer Optical configuration for a Michelson interferome-
ter. The beam-splitter split the beam coming from the source in two different beams, one reflected and the
other one trasmitted. Both beams are recombined by the same beam-splitter unit into a single beam which
is focused onto a detector. The motion of the traslating mirror generates the optical path difference which
produces costructive and descructive interference.
ER(l1, l2) = ρτE0e
ıω(eı2piνl1 + eı2piνl2) (4.1)
where ω is the time frequency and ν the optical frequency whereas ρ and
τ are the trasmission and reflection coefficients of the beam-splitter.
Since the intensity of the radiation is proportional to the square of the
amplitude it may be expressed as:
I0(ν, x) = 2 | E0 |2 [1 + cos(2piνxν)] (4.2)
where  = (| ρ || τ |)2 is the interferometric coefficient and x = l1− l2 is the
path difference.
In the monocromatic case, setting B(ν) = d|E0|
2
dν
, the intensity I0(x), neglecting
the costant factor, is obtained by integrating over all frequencies as follow:
I0(x) = 2
∫ +∞
0
B(ν)cos(2piνx)dν (4.3)
The intensity that reaches the detector is given by:
I0(x) = 2
∫ +∞
0
R(ν)B(ν)cos(2piνx)dν (4.4)
where R(ν) is the responsivity of the detector. Defining the spectrum
function S(ν) = R(ν)B(ν) such that:{ <{S(−ν)} = R(ν)B(ν)
={S(−ν)} = −R(ν)B(ν) (4.5)
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since the negatives frequencies are not real the intensity I0 is given by the
Fourier transform (FT ) which will be discussed afterward, i.e. :
I0(x) =
∫ +∞
−∞
S(ν)eı2piνx = FT [S(ν)] (4.6)
since that the immaginary part in the integral vanishes and the spectrum
will be the anitransform of te intensity I0:
S(ν) =
∫ +∞
−∞
I0(x)e
−ı2piνxdν = FT −1[I0(x)] (4.7)
To acquired the interferogram I0(x) without information loss it is neces-
sary to carry out a signal sampling with a frequency ≥ 2νN , where νN is the
Nyquist frequency (Nyquist theorem) and the numbers of the points on the
interferogram is given by the relationship:
N = 2XνN (4.8)
where X is the maximum path difference.
4.1 Fourier analysis
Fourier analysis has two facets, the construction of a function from sinu-
soids (Fourier synthesis), and the decomposition of a function into its con-
stituent sinusoids (Fourier decomposition). The two facets are reflected in the
mathematical form of the Fourier integral. A function f(x) satisfying certain
mathematical conditions of continuity can be expressed as a superposition of
sine and cosine functions:
f(x) =
∫ +∞
−∞
F (ν)eı2piνxdν ≡ FT −1(F (ν)) (4.9)
where the function F (ν) is the Fourier transform of f(x) and can itself be
expressed in a similar way as an integral superposition of sines and cosines:
F (ν) =
∫ +∞
−∞
f(x)e−ı2piνxdx ≡ FT (f(x)) (4.10)
A Fourier transform spectrometer is an example of a linear system that
is described by the expression (4.3) in which each frequency ν has a spectral
intensity B(ν) that defines tha scale factor for that frequency and produces a
cosine of spatial frequency 2piν. The combined interference I(x) at a position
x is defined by the integral over all frequencies and hence the additive and
homogeneous properties of a linear system are necessary conditions for this
relation and the time invariance is assumed.
The function I(x) is continuos and can be decomposed into the sum of an even
and an odd function:
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I(x) =
I(x) + I(−x)
2
+
I(x)− I(−x)
2
= e(x) + o(x) (4.11)
where e(x) is an even function defined by the property I(x) = I(−x) and
o(x) is an odd function defined by the relation I(x) = −I(−x) and both must
be defined over the range ±∞.
An even function can be constructed from a superposition of cosine functions,
an odd function can be constructed from a combination of sines and cosines.
e(x) =
∫ +∞
−∞
Be(ν) cos(2piνx)dν (4.12)
o(x) =
∫ +∞
−∞
Bo(ν) sin(2piνx)dν (4.13)
where Be(ν) and Bo(ν) specify the amplitude of each sinusoid present in
the superposition. Each of them has a spatial frequency 2piν. An interferogram
I(x) is synthesized by combining sines and cosines of appropriate amplitudes:
I(x) = e(x) + o(x) =
∫ +∞
−∞
Be(ν) cos(2piνx)dν + ı
∫ +∞
−∞
Bo(ν) sin(2piνx)dν
(4.14)
which can be rewritten as follows by incorporating tha fact that the integral
with odd integrands vanish:∫ +∞
−∞
Bo(ν) cos(2piνx)dν = 0 (4.15)
and ∫ +∞
−∞
Be(ν) sin(2piνx)dν = 0 (4.16)
The general decomposition of an arbitrary function into sine and cosine
functions then becomes:
I(x) =
∫ +∞
−∞
[Be(ν) +Bo(ν)][cos(2piνx) + ı sin(2piνx)]dν (4.17)
or, in complex notation, with B(ν) = Be(ν) + ıBo(ν),
I(x) =
∫ +∞
−∞
B(ν)eı2piνxdν (4.18)
The inverse process is that of sorting out the frequency distribution B(ν)
given the inteferogram I(x) as an input. It is the process of demultiplexing the
inteferogram into its constituent spectral elements, or Fourier decomposition.
To extract the function B(ν) from equation (4.18), we multiply both sides by
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[cos(2piνx)− ı sin(2piνx)] and integrate over all x we get the expression for the
spectral distribution B(ν):
B(ν) =
∫ +∞
−∞
I(x)e−ı2piνxdx (4.19)
The interferogram I(x) is an observed quantity and therefore by definition a
real function but because measurements are not perfectly symmetric, because
of noise and spurious instrumental effects, its transform B(ν) is generally a
complex function:
B(ν) = Br(ν) + ıBi(ν) =| B(ν) | eıφ(ν) (4.20)
The amplitude spectrum | B(ν) | is related to the components of the com-
plex spectrum:
| B(ν) |=
√
[Br(ν)]2 + [Bi(ν)]2 (4.21)
and the phase spectrum is the angle between the immaginary and real
spectra:
φ(ν) = tan−1[
Bi(ν)
Br(ν)
] (4.22)
Fundamental propertie of the Fourier transform is the convolution product,
infact, if we define h(x) as the convolution integral of functions f(u) and g(u)
as follow:
h(x) =
∫ +∞
−∞
f(u)g(x− u)du ≡ f ∗ g (4.23)
we also have:
H(ν) = FT [h(x)] = FT [f(x) ∗ g(x)] = F (ν)G(ν) (4.24)
where F (ν) and G(ν) are the Fourier transforms of the functions f(x) and
g(x). The other properties are:
 addition or superposition :
f(x) + g(x) ⇔ F (ν) +G(ν) (4.25)
 similarity or stretching
f(ax) ⇔ 1| a |F (
ν
a
) (4.26)
 shift
f(x− a) = ⇔ e−ı2piνaF (ν) (4.27)
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 modulation
f(x) cos(ωx) = ⇔ 1
2
F [ν − ω
2pi
] +
1
2
F [ν +
ω
2pi
] (4.28)
 derivative
f ′(x) = ⇔ ı2piνF (ν) (4.29)
 Rayleigh theorem∫ +∞
−∞
| f(x) |2 dx ⇔
∫ +∞
−∞
| F (ν) |2 dν (4.30)
4.2 REFIR-PAD Fourier transform spectrora-
diometer
4.2.1 Introduction to the instrument
Figure 4.2: REFIR-PAD REFIR-PAD (Radiation Eplorer in Far Infrared - Prototype for Ap-
plications and Development) Fourier transform spectroradiometer.
REFIR-PAD (Radiation Explorer Far Infra Red - Prototype for Applica-
tions and Development) [25],[4],[3] is a Fourier transform spectroradiometer
52
4.2. REFIR-PAD Fourier transform spectroradiometer
Figure 4.3: Complete optical scheme of REFIR-PAD Optical scheme of REFIR-
PAD spectroradiometer used fro zenith-looking observation by means of an external folding mirror.
developed at IFAC-CNR, figure (4.2), to study atmosphere components, such
as gases, aerosols and clouds, which are involved in the radiative exchange in
the thermal infrared between 100 and 1400 cm−1 (7-100 µm), figure (4.2).
In particular this instrument allows to study water vapour spectroscopy
in the pure rotational band in the FIR, of which we do not have sufficient
measurements, and to characterise the emission spectrum of the altitude clouds
placed from 8 to 15 km.
The instrument exploits a Mach-Zehender configuration, that means on
two floors, with two input and two output ports.
One of the input ports observes alternatively a room temperature reference
blackbody (RBB) which allows to stabilize the termal background emission,
the other one observes the scene of the zenith by means of an external folding,
a hot and a cold calibration blackbody (HBB and CBB respectively), figure
(4.3). The signal at each of two output ports is measured by a Deuterated
Alanyne doped Triglycene Sulphate (DLATGS) pyroelectric detector, figure
(4.4).
The interferometer scanning roof mirror is monitored by means of a refer-
ence laser interferometer using a temperature stabilized solid state semicon-
ductor laser source at the wavelength of 780 nm [4]. The maximum spectral
resolution achiavable by the system is 0.25 cm−1, corresponding to a maximum
optical path difference of 2 cm since in a Fourier spectrometer the maximum
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Figure 4.4: Simplified optical scheme of REFIR-PAD The interferometric part
is composed by roof mirror, the plane mirrors and beamsplitters (BS). Detector units with the two DLATGS
pyroelectric detectors is shown as well and the three black bodies, reference (RBB), cold (CBB) and hot
(HBB), for the radiance calibration.
resolution is correlated to the maximum optical path difference L as follow:
δσ =
1
2L
(4.31)
The interferometer is composed, as shown in figure (4.4), by plane mirrors
and a back-to-back top roof mirror which moves to generate an optical path
difference and therefore a signal modulation (interferogram), as the example
reported in figure (4.5). Each measurement is composed by two calibration
procedures and two scene abservations and typically takes 15 minute in total,
5 for calibration and 10 for atmophere observation. The calibrated spectra
and houskeeping data are obtained from the instrument raw data during the
first data analysis procedure called Level 1a. In the table (4.1) the main
specifications of REFIR-PAD spectroradiometer are reported.
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Figure 4.5: Interferogram acquired by REFIR-PAD The interferogram acquired
by REFIR-PAD is generated by the roof mirror scanning (figure (4.4)) of the interfometer which produces
an optical path difference. Signal and time are in arbitrary units.
Table 4.1: Characteristics of REFIR-PAD Main characteristics of REFIR-PAD.
Beam splitter type Broadband Ge-coated Mylar
Operating spectral bandwidth 100-1400 cm−1
Maximum spectral resolution 0.25 cm−1
Field of view 115 mrad
Detector system uncooled pyroelectric
detectors (DLATGS)
Acquisition time per measurement '60 sec
Calibration measurements per sequence 2 for HBB and 2 for CBB
Zenith observations per sequence 4
Sequence duration 12/15 min
4.2.2 Instrument line shape (ILS)
The instrumental function or instrument line shape is defined as the shape
or profile of the spectral line resulting from a monochromatic input. The ideal
profile is a delta function, in practice it is a function much different from
the ideal. The main effects that hits a real interferometer are related to the
finite optical path difference, and the finite size of input source. The effect of
these limitations is to produce a line profile that deviates from the ideal case
of a delta function, i.e. the interferogram of monochromatic radiation when
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Figure 4.6: Comparison between spectra with and without ILS con-
volution Details on lines for a simulated spectra by using the intrument line shape (black) or not
(red).
transformed does not produce a spectral line of zero width, but a delta function
convolved with both a sinc function and a rectangular function (rect). The
reason for the sinc is that when we apply the Fourier transform to the limited
acquired interferogram, i.e. multiplied with the rect function, for the property
of the Fourier trasform (eq. 4.24), we obtain the spectrum convolved with
a sinc, that is the Fourier transform of the rect. Also the finite size of the
source introduces a sinc function that multiplies the interferogram, which in
turn convolutes the spectrum with a rectangular function. As far as the finite
optical path difference effect is concerned, the measured interferogram Im(x):
Im(x) = I(x) · Π( x
2L
) (4.32)
with Π(x) the rect function and L is the maximum optical path difference.
Hence in the spectral domain we have a convolution with a sinc function:
Bm(ν) = B(ν) ∗ 2Lsinc(2Lν) = B(ν) ∗ ILS(ν) (4.33)
where now ILS(ν) = 2Lsinc(2Lν) is the instrumental function. In figure
(4.6) the difference between the monocromatic spectrum and the one with the
convolution with the ILS is shown.
If the radiation source was a point located at the focus of the collimating
mirror we could obtain an ideal interferogram, produced by the interference
of two plane waves moving in the same direction. But to get a measurable
amount of radiation in the spectrometer a large aperture is needed, this make
not negligible the contribution of off-axis rays and makes necessary introducing
a particular condition such that only the central region of Airy interference
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function is the good one to take into account. The off-axis path difference
for light at an angle α is x · cos(α) and the interference fringe intensity for a
particular wavenumber at a given path difference x and angle α is:
dI = cos(2piσxcos(α))dΩ (4.34)
where dΩ is a small increment of solid angle at α. If we approximate
for a small angle cos(α) ' 1 − α2
2
and noting that Ω = piα2 substituting in
equation (4.34) and integrating over the entire aperture Ωm covered by the
output mirror, we have the integral:
I(x) =
∫ Ωm
0
dI(x) =
∫ Ωm
0
cos[2piνx(1− Ω
2pi
)]dΩ = Ωmsinc(
νxΩm
2pi
)cos[2piνx(1−Ωm
4pi
)]
(4.35)
Hence the finite aperture produces two effects, the first is a scale change,
that is rapppresented by the factor x[1− Ωm
4pi
] for path difference and ν[1− Ωm
4pi
]
for wavenumber in all calculations; the second effect is to multiply the envelope
of the interferogram with a sinc function ad since ν appears in its argument
the effect varies with wavenumber. The sinc function goes negative when:
νxΩm
2pi
> 1 (4.36)
If we set xmax = L such that R =
ν
δν
= 2Lν is adequate resolving power,
considering the initial region where the sinc function is always positive, the
condition (4.36) becomes:
RΩm
4pi
< 1 (4.37)
that is the so called Jacquinot condition. This condition is always respected
considering the operating spectral range of our spectrometer between 100 and
1400 cm−1 having a maximum spectral resolution equivalent to 0.25 cm−1.
4.2.3 Calibration
The radiance calibration process produces the calibrated spectrum of the
scene starting from the uncalibrated spectrum and the known radiances of the
reference black body. The instrumental response depends on the input/output
ports, hence the calibration procedure must be repeated for each output port.
In this conditions the calibrated spectra S(ν) can be written as:
S(ν) = F1(ν)[I(ν)− F2(ν)
F1(ν)
BRBB(ν)] (4.38)
where I(ν) is the unknown calibrated radiance of the scene, BRBB(ν) is the
known radiance of the reference black body, equivalent to Planck function at
the black body temperature. F1(ν) e F2(ν) are the calibration functions and
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may be calculated by two successive measurements of black body, HBB and
CBB. If the temperature of RBB does not vary significantly between the two
measurements Sh and Sc above described, F1 results be:
F1(ν) =
Sh(ν)− Sc(ν)
Bh(ν)−Bc(ν) (4.39)
where Bh and Bc are the theoretical Planck radiances respectively of HBB
and CBB. Finally the calibrated radiance L(ν) is calculated from the uncali-
brated spectrum S(ν) and the theoretical expression of Br(ν) by means of the
following equation:
L(ν) = <{ S(ν)
F1(ν)
+
F2(ν)
F1(ν)
Br(ν)} (4.40)
The real part is taken because in general, as we already mentioned, all the
quantities used in the calibration procedure are complex.
The frequency calibration is obtained by a sharing laser reference, with the
same path of the interferometer, at the wavelength of 680 nm, hence the OPD
domain is sampled at fixed intervals, that is fundamental to get the Fourier
transform.
4.2.4 Radiometric uncertainty
The absolute radiometric uncertainty on the calibrated spectrum depends
on the measurements precision and the accuracy with which the calibration
procedure is performed. The measurement precision is calculated in term of
the noise equivalent spectral radiance (NESR), which is dominated by detector
noise and produces indipendent fluctuations for each spectral elements.
The value of NESR is obtained from the uncalibrated error through error
propagation using equation (4.40), with the approximation F2
F1
' 1. For a
general case in which the measured spectrum S is the average of N acquisitions
and the calibration measurements Sh and Sc come from an average of n single
spectra, respectively, we have:
NESR =
√
1
N
+
2
n
(
S
Sh − Sc )
2
∆S
F1
(4.41)
where ∆S is the 1σ uncertainty on the uncalibrated measurement. The
condition N = 4, n = 2 is the best compromise with the minimum spectral
variability on the calibrated uncertainty. In figure (4.7) is shown a case of
Antarctic spectra acquired by REFIR-PAD (top pannel) with the radiomet-
ric uncertainties (bottom pannel), namely the statistical error represented by
NESR (green) and standard deviation σ (black) and the sistematic error given
by the calibration error (red).
The systematic calibration error was obtained through the error propa-
gation of the temperature 1σ error measured on the reference blackbodies.
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Figure 4.7: Statistic and calibration error of a spectrum acquired by
REFIR-PAD REFIR-PAD spectra acquired in Antarctica (upper pannel) and its radiometric uncer-
tainty (lower pannel), statistic error rappresented by NESR (green) and standard deviation σ (black) and
the systematic error given by the calibration error (red).
Considering the temperature error, ' 0.3K, of each reference blackbody in-
dipendent with corresponding uncertainty on the theoretical Planck emission
given by ∆Bh, ∆Bc and ∆Br for HBB, CBB and RBB respectively, we obtain
the calibration error ∆L from equation:
∆L =
√
∆B2r + (
S
Sh − Sc )
2 + (∆B2h + ∆B
2
c ) (4.42)
Finally the standard deviation σ is the statistic error on the calibrated
spectra, containing also the variation of the scene, it is obtained by the average
of 8 spectra, 4 for each acquisition when the atmospheric scene is stable, σ is
a good estimation of the instrumental NESR, figure (4.7).
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Chapter 5
Measurement field campaigns
Figure 5.1: Measurement field campaign at Testa Grigia in the year
2011 Measurement field campaign in Testa Grigia (45◦49′51.24′′N, 7◦47′ 11.13′′E), above Cervinia,
Plateau Rosa´ (Aosta, Italy) , March 2011, in the upper panel on the leftside the team at work (from
right Giovanni Bianchini, Luca Palchetti and me), on the right the external view of the laboratory.
Since 2007 many different measurement field campaigns was carried out us-
ing REFIR-PAD spectroradiometer in ground-base zenith-looking observation
geometry. The first took place at Testa Grigia station of the Italian Institute
of Physics of Interplanetary Space (INAF) on the Plateau Rosa´ (3480 m a.s.l.,
(45◦49′51.24′′N, 7◦47′ 11.13′′E) in the Italian–Swiss Alps near Breuil–Cervinia,
from the 4th to the 13th of March 2007, and a second campaign (the latter
of which I partecipated during my master degree thesis, see pictures (5.1)),
took place in 2011 from the 9th to the 11th of March, in preparation of the
Antarctic deployment of REFIR-PAD at the Italian-French base of Concordia
at Dome-C, which occured at the end of 2011.
The first one in 2007 took place within the Earth Cooling by Water Vapor
Radiation (ECOWAR, Earth Cooling by Water Vapor Radiation) experiment
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Figure 5.2: Cirrus clouds coverage over Testa Grigia and REFIR-PAD
at work Coverage of cirrus clouds over Testa Grigia (Cervinia, Italy) on 9th March 2011 viewed by a
webcam placed beside the instrument and the lower picture shows REFIR-PAD working.
[26] which allowed us to validate radiative transfer models and test the quality
of water vapor continuum and line parameters. This campaign performed
one of the first systematic set of measurements in the FIR that allowed us to
revise the water vapour continuum coefficients down to 240 cm−1 in clear sky
condition.
Figure 5.3: Chile 2009 campaign Cerro Toco (22◦ 55.411′S, 7◦ 50.699′W), Atacama desert,
Chile, during the measurements field campaign took place in 2009 from August to October.
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During both campaigns in Testa Grigia the cirrus clouds coverage, as shown
in figure (5.2), occured mostly for one day. In 2007 a radiosounding was
avalaible and it was performed once a day. A backscattering lidar was avalaible
as well but it was placed not close to the laboratory at the top but at lower
height in Cervinia (2000 m). The spectral resolution used for REFIR-PAD
was equal to 0.5 cm−1 indeed in 2011 was fixed at 0.25 cm−1 and acquisitions
were performed in cycles of about 11 minutes in both campaigns.
Figure 5.4: Field campaign in place since 2011 in Antarctica, Dome
C In the upper pannel on the leftside the geographic location of Concordia base at Dome C site (75◦ 06′S
123◦20′E), Antartctica, in the right side the physical shelter where REFIR-PAD is placed together some
other instruments such as the backscattering lidar, is shown. In the lower panel we can see the coverage of
cirrus clouds on Concordia base.
Another field campaign analyzed for the thesis was the campaign that took
place in Chile on Cerro Toco, Atacama desert (22◦ 55.411′S, 7◦ 50.699′W), at
5380 m of height a.s.l in between August and October 2009. This campaign
took place within the project RHUBC-II (Radiative Heating in Under-explored
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Bands Campaigns) conducted by the US Atmospheric Radiation Measurement
(ARM) program. The spectral resolution used was 0.5 cm−1 and the acquisi-
tion time has been set to 11 minutes as well.
Figure 5.5: The physical shelter in Antarctica Detail of the roof of the physical shelter
where REFIR-PAD is placed at Dome C, Antarctica, with the lidar. On te righi, the cimney connecting
REFIR-PAD sepctrometer to the exteral ambient, is indicated with the red arrow, furthermore with the
cyan arrow the SAOZ (Syste´me d’Analyse par Observation Ze´nithale) entrance and in green the aperture
for the lidar beam are indicated too. Finally on the left side is place an ice camera to measure the sizes of
the precipitating ice crystals (diamond dust).
The last analysed campaign is still in place since 2011 in Dome C (75◦
06′S 123◦20′E), Concordia Base, Antarctica, figure (5.4), within the exper-
iment named Radiative Properties of Water Vapor and Clouds in Antarc-
tica (PRANA, acronym from the Italian project name ”Proprieta´ Radiative
dell’Atmosfera e delle nubi in Antartide”). In this case the spectral resolution
has been set to 0.4 cm−1 and time acquisition to about 14 minutes and mea-
surements are performed in continuous 24h/24 every day of the year. During
this field campaign a lidar support, performed by Dr. Massimo Del Guasta,
was also avalaible, hence the position of the cloud was not unknonw but was
correctly determined by the lidar backscattering profile. Both instruments
were placed inside the physical shelter (figure (5.5)) close to the base as shown
in figure (5.5).
5.1 Implementation of the forward and inverse
model
5.1.1 The forward model
A forward model to simulate the emission of the atmosphere in presence of
clouds was developed integrating the freely avalaible LBLRTM radiative trans-
fer model (last version v12.2 base on the spctral infrared database HITRAN
2008, with water vapour continuum MT-CKD-2.5.2/model), which calculates
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Figure 5.6: Simulated incoming radiance at the cloud top and bottom
Simulated upward and downward incoming radiance at the bottom (top panel) and top (bottom panel) of
an ice cloud in standard Antarctic atmosphere with Dei = 50 µm and IWP = 5 g/m
2, τ = 0.42 placed at
8.5 km of height with 0.5 km of thickness and the observer at 3.2 km.
radiative transfer in the atmospheric gases, with a specific code that calcu-
lates the propagation of radiance through a cloud approximated by a single
uniform layer. The forward model was implemented in C language and allows
us to simulate both clear sky, via LBLRTM, and cloudy sky. It allows us to
choose the spectral range, the resolution of the grid sampling and the maxi-
mum optical path difference and also the type of ILS to be applied (pure sinc
or a combination with sinc2 in order to take into account possible instrumental
effects).
The user can set the bottom and the top height of the cloud and the micro-
physical parameters, such as the effective diameter of ice particles and water
droplets, the TWP and the ice fraction γ. Further, the effective temperature
of the cloud can also be fixed and in this case the height is automatically fixed
by the program searching for the layer on the atmospheric input profile in
which the temperature is within the top an the bottom values. The height
of the observer, the angle of the simulation, from 0 to 180◦, the shift scale
factor on the frequencies and the ILS, the emissivity and temperature of the
ground, the kind of spectral database for cirrus clouds, midlatitude case with
multi-habits ice crystal or only hexagonal columns, such as we introduced in
paragraph (3.3) and the simulation of trasmittance are also included in the
capability of the program.
The solution of the radiative transfer equation for the cloud is given by
(3.65) and the upward radiance from the ground to the cloud bottom and the
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Figure 5.7: Simulated outgoing radiance at the cloud top and bottom
Simulated downward and upward outgoing radiance at the bottom (black) and the top (red) of the ice cloud
described in figure (5.6).
donward radiance from the top of the atmosphere (to our porpouses we the
atmosphere was approximated with the troposhere where the most of water
vapour is contained) were simulated via LBLRTM, for example the upward and
downward incoming radiance at the top and the bottom of an ice cloud placed
at 9 km of height and 1 km of thickness in a standard midlatitude atmosphere
are shown in figure (5.6) and in figure (5.7) were simulated the upward (red)
and downward (black) radiance coming out from the top and from the bottom
of the cloud, in case of nadir (at 18 km) and zenith (at 3.5 km) observation
geometry respectively. In figure (5.8) the downwelling radiance of the same
cloud viewed by an observer at 3.5 km of altitude is shown as well.
The spectral range of atmospheric window is very sensitive to the variation
of optical thickness of the cloud instead FIR, below 500 cm−1, is very sensitive
to the diameters of the particles.
In figures (5.9) and (5.10) the upwelling radiance simulated at the top of
troposphere and downwelling radiance at 3.2 km of height in presence of an
ice cloud at 8.5 km of height and 0.5 km thick, for different Dei and IWP .
Both values of effective diameter and IWP have been variated together
such that the optical thickness remains costant equivalent to 8.5.
We can see in figures (5.9) and (5.10) that in the atmosheric window the
radiance doesn’t change because of the costancy of τ but in the FIR it does.
This fact suggests that we need both the FIR and the atmospheric window to
characterise the microphysical properties of the cloud.
This region of the far infrared spectrum below 500 cm−1 allows also to dis-
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Figure 5.8: Simulated radiance at 3.5 km of the previous cloud Simulated
downwelling radiance at 3.5 km of height of the cloud described in figure (5.6).
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Figure 5.9: Simulated upwelling radiance of a cloud place at 7 km
with 1 km of thickness Simulated upwelling radiances in the presence of an ice cloud at 7 km of
height with 1 km of thickness and different values of De and TWP such that the optical thickness remains
costant equivalent to 0.84.
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Figure 5.10: Simulated downwelling radiance of a thick cloud Simulated
downwelling radiances in the presence of a thick ice cloud at 5.5 km of height with 0.5 km of thickness and
different values of Dei and TWP such that the optical thickness remained costant and equivalent to 8.50.
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Figure 5.11: Simulated downwelling radiance varying diameter Simulated
downwelling radiances in the presence of an ice cloud at 5.5 km of height with 0.5 km of thickness, IWP =
5 g/m2 and different values of Dei.
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Figure 5.12: Simulated downwelling radiance varying IWP Simulated down-
welling radiances in the presence of an ice cloud at 5.5 Km of height with 0.5 Km of thickness, Dei = 80
µm and different values of IWP.
criminate better the microphysical properties, hence to determine the effective
diameters of ice particle Dei and the effective diameter of water droplets Dew
in case mixed phase occurs. Since the atmospheric window is very sensitive
to the optical depth it is possible to discriminate the integrated amount of
liquid or ice content (LWP/IWP) contained in the expression of the optical
thickness (2.9). In figure (5.11) the downwelling spectral radiance at 3.2 km
of altitude of an ice cloud placed at 5.5 km with geometric thickness of 0.5
km is shown. IWP is set at 5 g/m2 and the effective diameter Dei has been
varied for different values, 10, 50, 100 and 150 µm. The plots show how much
stronger is the variation, so the sensitive, to the diameter changing in FIR in
comparison to the atmospheric window. In particular the figure shows that
the radiance intensity increases with the decrease of the diameter because the
smaller sizes are closer to the wavelentghs in FIR. Figure (5.12) shows the
spectral radiance of the same cloud for different values of IWP, 5, 10, 20 and
50 g/m2 with effective diameter set to 80 µm.
5.2 The retrieval model
To retrieve the optical and microphysical properties of the clouds in single
an mixed phase starting from the spectral measurements acquired by REFIR-
PAD, a specific code was developed in C language. The retrieval code distin-
guishes between the clear sky case and the cloudy case thanks to a particular
threshold parameter defined as:
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Figure 5.13: Lidar map of the day 7th January 2013 at Dome-C,
Antarctica Colour map of the backscattering (upper panel) and depolarisation (lower panel) sig-
nal detected by lidar at Dome C in the day 7th January 2013. A mixed phase cloud coverage occurs between
13 and 20 UTC, the upper layer is composed by the water, which does not depolarise the laser beam, and
the lower thinner layer is composed by ice, correponding to the high depolarisation signal.
σ¯ =
√∑N
i=1 σ
2
νi
N2
' 0.0015 mW (5.1)
where N is the number of frequencies in the atmospheric window between
820 and 980 cm−1 and σνi is the spectral standard deviation for the i-th
frequency. Summing up when the average radiance in transparency bands
exceeds this threshold, the fitting procedure in the presence of cirrus clouds
is activated. A previous selection of the spectra has been made neglecting
all spectra with average standard deviation in the atmospheric window grater
then 0.002 W/[m2 − sr − cm−1].
Antarctica is an extreme enviroment where particular clouds in mixed phase,
composed by both ice and water droplets, can occur. This type of clouds shows
up when the temperature is between 0 and -40 ◦C and in particular conditions
of very low amount of condensation nuclei so that the probability formation of
ice particles is very low as well.
Usually they show up as a upper water cloud and a lower ice layer, as shown
in the lidar map in figure (5.13), where in the upper panel colours rappresent
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the intensity of the backscattering signal in arbitrary unit, and in the lower
pannel the depolarisation in percentage. The depolarisation ratio δ [27] or the
ratio of the perpendicular-to-parallel polarisation components of backscattered
light is given by:
δ =
T11(180
◦)− T22(180◦)
T11(180◦) + T22(180◦)
(5.2)
where T is the scattering matrix. Because for spheres T11(180
◦) = T22(180◦)
we get the well-known finding of δ = 0 for single scattering by cloud droplets.
With this assumptions we say that in presence of water the backscattering
signal is high but the depolarization is 0, otherwise in presence of ice the
backscettering signal is very lower but the depolarization is high, this because
the ice particle depolarizes the incoming laser beam, which is 100% linearly po-
larized, emitted by the lidar in the visible spectrum at 532 nm. In case a lidar
support was available, such as in Antarctica, a script in octave that automat-
ically calculate the top and the bottom of the cloud using the backscattering
profile, was implemented. In this case the effective temperature Te of the
cloud was not fitted but calculated averaging the temperature profile on the
backscatterig signal between the top and bottom of the cloud. Moreover a new
parameter was defined to identify when single phase occurs:
γlid = ∆dep/(∆dep + ∆back) (5.3)
where ∆dep and ∆back are the normalized integrals of depolarizzation and
backscattering signal, sdep and sback respectively, over the height, namely:
∆dep,back =
∫ trophopause
0
sdep,back(z)dz (5.4)
∆dep,back was normalized with respect to the entire set of integrated signals
of the considered day. A bias, estimated around 0.05, in the backscattering
signal due to the molecular backscattering in the first layers was also taken
into account. We can see that γlid is just a qualitative parameter that only
gives an estimation of the time evolution of the amount of ice with respect to
the water, but surely it is an index of the ice-only cloud presence, because the
∆dep in this case tends to 1 since ∆back goes to 0. The threshold has been set
to 0.97: above 0.97 the single phase was considered.
Finally when the effective temperature of the cloud goes down to -40 ◦C the
fitting procedure switches to the single phase retrieval setting the ice fraction
at 1. The starting value of the ice fraction in the retrieval procedure in case
of mixed phase has been set to 0.5. The starting values of Dei, Dew and TWP
was setted respectively to 30 µm, 10 µm and 5 g/m2.
The retrieval procedure minimises the χ2 function given by:
χ2 = (y − F(x))S−1(y − F(x))T (5.5)
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where S is the VCM (variance-covariance matrix), y is the vector of mea-
sured radiance spectrum, F represents the forward model and x is the param-
eters vector for the atmophere and the cloud system given by:
x = (Dei, Dew, TWP, γ, Te, α, λ,U,T) (5.6)
where the effective temperature Te in case lidar profile was avalaible has
been calculated weighting the temperature profile on the lidar backscattering.
U and T denote the vectors of the heights of the water vapour and temperature
profiles set in the fitting procedure and α is the mixing coefficient in ILS
function:
ILS(ν) = α
sin( piν
∆ν
)
piν
∆ν
+ (1− α)sin
2( piν
2∆ν
)
( piν
2∆ν
)2
(5.7)
with ∆ν the grid sampling resolution and ν0 the frequency of the center
line which takes into account ILS instrumental distorsion. The frequency scale
λ is also fitted:
ν = λ · νmeas (5.8)
where νmeas is the measured frequency, in order to take into account possible
small frequency variation of the reference laser. To carry out the minimization
of χ2, MINUIT routine [28] based on the Nelder-Mead simplex algorithm and
avalaible from CERN, was used.
5.3 Validation of the model
The model was validated by means of the comparison with LBLDIS model
developed by D. Turner [18], [29]. LBLDIS model integrates LBLRTM with the
DISORT algorithm [19] to simulate the propagation of the radiation through
a cloud. DISORT algorithm uses the discrete ordinate method DOM for the
radiative transfer in multiple scattering and emitting layered media. The dis-
crete ordinate method is another elegant approach for solving the RTE in a
plane-parallel atmosphere. The formulation of the DOM dates back to Chan-
drasekhar (1960) and its starting point is the discretization of the m-th Fourier
mode of the radiance field. LBLDIS allows to stratify the cloud with different
optical depths or effective diameter of ice crystals and water droplets and to
mix the composition of habits using different databases for ice particles.
Figure (5.14) shows the comparison of the spectral radiance of a mixed
phase cloud rappresented by a single uniform layer placed at 6 Km with 1
Km of thickness simulated via LBLDIS (black) with the radiance of the same
cloud simulated via the model developed (red). The effective diameters of
ice crystal, rappresented by hexagonal colums, was setted at 70 µm while the
effective radius of water droplets at 20 µm, τice = 0.64 and τwater = 0.36. The
simulations were made with high spectral resolution of 0.01 cm−1 to avoid
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Figure 5.14: Validation of the model Top panel shows the comparison of the radiance of a
mixed phase cloud placed at 6 km of height and 1 km of thickness, with ice crystals, represented by hexagonal
colums, with diameter of 70 µm and water droplets diameter of 20 µm in a standard atmosphere, simulated
using LBLDIS (black) and the model developed in this work (red); in the bottom panel the comparison of
the residuals (blue) with a typical REFIR-PAD spectrum uncertainty (black) is also shown.
possible approximation in LBLDIS. The small differences may be due to the
different databases used in the two cases both for ice crystal and water droplets,
however these differences are within the REFIR-PAD measurements noise and
therefore for the analysis teh two models were considered equivalent .
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5.4 Retrieval of atmospheric variables and cir-
rus clouds micro-physics
The rotational water vapour band below 600 cm−1 and carbon dioxide
band at 667 cm−1 were used for retrieving information on the humidity and
temperature vertical profiles. The other molecular species that have a spectral
signature in the measurements were N2O, CO, CH4 and O2 and for all of
these a climatological profile was used. The retrieval of cirrus properties was
performed with a simultaneously fit of the cloud parameters, such as Dei,
Dew, γ, TWP and Te, in case no lidar support was available, and the water
vapour and temperature profiles, over a spectral range between 230 or 350 and
980 cm−1 . Fitting points correspond to the heights of maximum radiance
sensitivity to the atmospheric variables for the initial guess profile. A few
points, 4 on the temperature profile and 5 on water vapour profile, were used
to parameterize the atmosphere. The number of these points was chosen after
some tests so that the system was not oversize or undersize neither. The first
two levels were setted at the ground level and a few meters above because
of the strong gradient of temperature in the first layers above the instrument
and the different internal temperature (due to the heat of electronics) and
concentrations of water vapour. The initial guess was a climatological profile
for a standard atmosphere at the latitude where measurements took place. The
number of atmospheric levels was within 60-70 and the simulations of radiative
transfer were made between the top of the troposphere, around at 18 km, and
the ground base.
5.5 Sensitivity study
Since the main purpose was the retrieval of the cloud parameters a pre-
liminary sensitivity study was necessary to optimize the atmospheric variable
setting up the heights on the water vapour and temperature profiles in which
the spectral radiance were most sensitive to the variations of the mentioned
variables. A good estimation of the sensitivity of the spectral radiance to the
atmospheric parameters is given by the jacobian matrix, which rappresent the
matrix of the numerical derivatives of the radiance with respect to the values
of temperature and water vapour mixing ratio at each height:
Kij =
∂Ri
∂aj
(5.9)
where Kij is the jacobian matrix, Ri is the vector of the spectral radiance
at i-th frequency and aj is the vector of the atmospheric variables, such as
the temperature or the water vapour mixing ratio, at each j-th height. The
colour maps in figures (5.15) and (5.16) rappresent the jacobian matrices of
the temperature and water vapour climatological profiles respectively for a
standard midlatitude atmosphere. The height of the observer was placed at
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Figure 5.15: Jacobian colour map of temperature profile Jacobian matrix
with respect to the temperature climatological profile of a standard midlatitude atmosphere.
3480 m corresponding to the ground level in Testa Grigia, Cervinia, in the
italian Alps.
Obviously the sensitivity of the spectrum to the temperature and water
vapour mixing ratio decreases with the height, infact as shown in figure (5.15)
the intensity of derivatives with respect to the temperature is very high in the
first 500 meters instead the derivatives with respect to the water vapour is
quite high up to about 2000 meters above the ground. In particular in the
case of the jacobian with respect to the temperature the most sensitive points
show up where the lines of rotational band of water vapour and the vibro-
rotational band of CO2 occur and also in the central band of CO2 where the
lines are completely saturated and are very sensitive to the ground temperature
variations. Unlike the atmospheric window no sensitivity is shown up.
In the case of water vapour jacobian the most sensitive levels extend up to
2000 m above the ground mostly in the spectral region of the pure rotational
band of water above 600 cm−1, and also a lower contribution occur in the at-
mospheric window on the few lines of vibrational band of water between 700
and 800 cm−1. Otherwise in the central band of the vibro-rotational band of
CO2 there’s no senstitivity to the water changes because radiance is completely
saturated by the CO2 absorption.
In order to identify the heights of maximum sensitivity in comparison to the
uncertainty, the singular value decomposition (SVD) of the Fisher information
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Figure 5.16: Jacobian colour map of water vapour profile Jacobian matrix
with respect to the climatological water vapour profile for a standard midlatitude atmosphere.
matrix [30] was done. This is the jacobian matrix weighted on the covari-
ance matrix, obtained averaging the uncertainty of a set of acquired spectra.
The total VCM (variance-covariance matrix) contains the statistical Sstat and
calibration Scal error and is given by:
Stot = Sstat + Scal (5.10)
The total VCM Stot contained the statistical error on the diagonal given
by the quadratic sum of standard deviation σi and calibration error i for each
i-th frequency, and the non-diagonal part, contains, the correlated calibration
error, the permutation of the products between the spectral components of
calibration error i · j:
Sij =
{
σ2i + 
2
i i = j
i · j i 6= j (5.11)
On the other hand in the case the correlations were not considered the
off-diagonal terms must be setted to 0.
The singular value decomposition was applied to the Fisher matrix given by:
F = K†S−1K (5.12)
where K are the jacobian matrices for water vapour and temperature, and
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Figure 5.17: Singular value decomposition Singular value decomposition of Fisher
matrix for water vapour (left panel) and temperature profile (right panel). The colored curves represent the
first 5 eigevectors of the F · F† matrix multiplied by square roots of their corresponding eigenvalues on the
frequencies base. The simulation has been done by LBLRTM using a vertical resolution of 10 m.
the VCM take into account both the statistical error and the calibration one
and was calculated averaging on a full set of measurements corresponding to
the day when clouds occured in case of Testa Grigia and Chile campaigns and
an entire month in case of Antarctica dataset, that was sufficient to have a
good estimation of the error. The SVD is an algebric technique to get a base
of eigenvector for a generic non-diagonal matrix, and it allows to generate a
set of eigenvector on the frequencies base in which every single eigenvector
corresponds to an eigenvalue in order of magnitude.
Figure (5.17) shows the first 5 eigenvector corresponding to the first highest
eigenvalues for the first 5 linearly indipendent frequencies, starting from black
to yellow curve. Jacobians were simulated via LBLRTM using a standard
midlatitude atmosphere for the Spring time with a high vertical resolution of
10 m, placing the observer at the height of 3480 m corresponding to the ground
base in Testa Grigia site. We see that the eigenvector tend to 0 increasing the
order.
The most sensitive heights for the retrieval procedure were placed in cor-
rispondence of the maximums of the eigenvectors, such that, in case of 2007
field campaign, the first point has been set at the ground level (3480 m) and
the second one 10 meters above, at 3490 m, and then for the temperature the
other two points have been set at 3580 m and 4100 m; for water vapour the
others were placed at 3640 m, 4400 m and 6000 m. The values of tempera-
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Table 5.1: Main characteristics of the measurement field campaigns
Table of the aspect ratios and cavity depths used in the calculations for each habit and range of length L or
width D for the midlatitude cirrus cloud model provided by P.Yang.
Site Period Altitude T levels WV levels Resol.
Italy 4-13/03/07 3480 m 3480 m 3480 m 0.5 cm−1
(Testa Grigia, 3490 m 3490 m
Cervinia) 3580 m 3640 m
(45◦49′51.24′′N, 4100 m 4400 m
7◦47′ 11.13′′E) 6000 m
Italy 9-11/03/11 3480 m 3480 m 3480 m 0.25 cm−1
(Testa Grigia, 3485 m 3485 m
Cervinia) 3560 m 3650 m
3650 m 4100 m
5400 m
Chile 11/08-24/10/09 5380 m 5380 m 5380 m 0.5 cm−1
(Cerro Toco, 5385 m 5385 m
Atacama) 5480 m 5550 m
(22◦ 55.411′S, 5750 m 6200 m
7◦ 50.699′W) 7200 m
Antarctica 21/12/11-today 3233 m 3233 m 3233 m 0.4 cm−1
(Dome C, 3237 m 3237 m
Concordia base) 3275 m 3275 m
(75◦ 06′S, 3480 m 3425 m
123◦20′E) 4000 m
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ture and water vapour mixing ratio between the fitting points were linearly
interpolated in the first case and exponentially in the second one. The values
above the last fitted point were simply scaled with respect to the value at the
highest fitted level. In case of 2007 field campaign the second level has been
set five meters above, at 3485 m, and further, for temperature, at 3560 m and
3650 m, indeed for water vapour at 3650 m, 4100 m and the last one at 5400
m.
For the data analysis of Chile campaign a similar analysis was performed where
the ground base was at 5380 m a.s.l., the other levels have been set at 5385
m, 5480 m and 5750 m on the temperature profile, and for water vapour the
third level at 5550 m, the fourth at 6200 m and the last one at 7200 m. The
atmospheric profiles must be at very high resolution in the lowest section, just
above the observer, because the highest signal come out from these layers.
In the Antarctica analysis the ground base was placed at 3233 m and the sec-
ond level in the fitting procedure was placed five meters above the instrument,
because of the presence of the cimney between the instrument and the external
ambient. The lowest fitted levels in this case had particular importance be-
cause of the very strong gradient of temperature between the internal shelter
and the external ambient. Finally the other levels have been set at 3275 m for
both temperature and water vapour and the last one for temperature at 3480
m instead for water vapour the last two points at 3425 and 4000 m respectively.
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Chapter 6
Data analysis of spectra
acquired in different field
campaigns
6.1 Testa Grigia, 2007/2011
The retrieval of cirrus properties from the data gathered in the field cam-
paign in Testa Grigia was performed with a simultaneously fitting of the cloud
parameters, as De, IWP and Te, and the water vapor and temperature profiles,
over a spectral range between 350 and 980 cm−1 and a standard midlatitude
atmosphere on 62 levels was used as initial guess. The frequencies range has
been set to avoid the fact that in the measuremnets took in Testa Grigia the
atmosphere become very opaque under 350 cm−1 . The necessicity to take into
account the far infrared under 600 cm−1 in the fitting procedure is demostrated
by the results obtained operating the same fit up to 600 cm−1 . Simulating the
spectra using the retrieved parameter of the cloud and atmospheric profiles
the residuals in the far infrared under 600 cm−1 are completely outside the
uncertainty as shown in figure (6.2).
The database for midlatitude cirrus clouds provided by Ping Yang (cap.
3.3) was used in the retrieval code to parameterised the optical coefficients of
cirrus clouds. The ground temperature to simulate the upwelling radiance was
calculated by a fitting of the central CO2 band with a Planck function. During
the measurement campaign took place in the year 2007, the spectral resolution
was setted at 0.5 cm−1 instead in 2011 was setted at 0.25 cm−1.
The passage of the cirrus clouds occured in 2007 on 9th March starting from
11 UTC (Unit Time Cooordinate) as shown in the colour map in figure (6.1)
where the brightness temperature is rappresented.
In the lower pannel the radiance in blue rappresents the simulated radiance
emitted by the cloud multiplied by the transmittance of the layer between
the cloud bottom and the ground. Finally this is compared (in green) with
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Figure 6.1: Brightness temperature colour map of Testa Grigia 2007
Colour map of the brightness temperature for the day 9th March in Testa Grigia during the measurements
filed campaign in 2007. This map shows that the passage of the clouds started from 11 UTC and the optical
thickness incresed with the time.
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Figure 6.2: Result of fitting limited between 600-980 cm−1 The upper panel
shows the result of fitting procedure limited in the spectral band 600-980 cm−1 and the lower panel the
comparison between the uncertainty and residuals. The retrieved values of the clouds used to simulate the
spectrum were 90.8 µm the De, 39.1 g/m2 IWP and -40.4 ◦C Te. This plot shows that a good agreement
with the model occur until 600 cm−1 but is in completely disagreement in the far infrared below 600 cm−1 ,
this means we need the complete FIR band to operates the retrieval of the cloud parameter.
83
6. Data analysis of spectra acquired in different field campaigns
400 500 600 700 800 900
Wavenumber [cm-1]
-0,005
0
0,005
R
ad
. E
rro
r
residuals
0
0,05
0,1
R
ad
ia
nc
e 
[W
/m
2 -
sr
-c
m
-
1 ]
data REFIR-PAD
fit
Figure 6.3: Comparison between fitting and measurement for Testa
Grigia 2007 Upper pannel: comparison between the measured (black) and fitted (red) spectra for 9th
March 2007 at 13:47 UTC. Lower pannel: comparison between uncertainty (black) and the fitting residuals
(grey).
the difference between the measured spectral radiance of the cloud and the
simulated clear sky spectrum. We can see in the upper panel of figure (6.5)
that in the most trasparent microwindows, such as the atmospheric window and
some narrow bands in FIR between 500 and 580 cm−1, where the absorption
of the gases is minimum, the simulated cloud radiance is very close to the
measurement. Hence it is clear that these spectral bands allow to gain insight
about the cloud micro-physics and this fact could open to the possibility of
a simplified instrument operating in some narrow bands between mid and far
infared.
Some results of the retrieval are shown in figures (6.3) and (6.4). (6.3) shows
(upper pannel) the comparison between the data of a cirrus cloud passed over
Testa Grigia at 13:47 UTC (13.79 in hours) on 9th March 2007 and (6.4) a
cirrus cloud occured the same day in 2011 at 20:03 UTC (20.05 in hours).
In the upper panel of figure (6.5) the same case of figure (6.4) shows the
measured cirrus spectrum (in black) with to respect the continuous radiance of
the emission spectrum of the cirrus cloud (orange continuous line) simulated
using the retrieved effective diameter, IWP and effective temperature and ne-
glecting the atmosphere. In red is shown the clear sky spectrum simulated by
LBLRTM using the retrieved atmospheric profiles of water vapour and tem-
perature. The lower panel shows the comparison of the simulated spectrum
of the cloud multiplied by the atmospheric trasmittance (blue spectrum) and
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Figure 6.4: Comparison between fitting and measurement for Testa
Grigia 2011 Upper pannel: comparison between the measured spectra (black) and fitted (red) spectra
for 9th March 2011 at 20:03 UTC over Testa Grigia(Cervinia, Italy). Lower pannel: comparison between
uncertainty (black) and the fitting residuals (grey).
the difference spectrum of measurement and simulated clear sky of the upper
panel (green spectrum). The comparison highlights that the best agreement
shows up in the narrow bands in the atmospheric window and in far infrared
under 600 cm−1 where the atmospheric absorption in minimum.
In the lower panel the comparison between the uncertainty (black) and
residuals (grey) shows us that the model is in good agreement with the data,
hence the cirrus clouds model perfomed by Ping Yang is suitable to reproduce
measurements. The retrieval of the spectrum acquired in 2007 as result gave
an IWP = 36 g/m2, an effective diameter Dei = 103 µm and an effective
temperature Te = -36
◦C and the χ2 was 1.19, hence the fitting was carried
out with a high accuracy. In the 2011 spectrum the values were IWP = 31
g/m2, Dei = 98 µm and Te = -47
◦C and χ2 = 1.05.
During the 2007 field campaign a backscattering lidar was provided but it
was not possible to bring it nearby the laboratory where REFIR-PAD instru-
ment was placed and perform a colocated measurement, but it was stayed in
Cervinia base at 2000 m, so the lidar information about the clouds detected
by REFIR-PAD were not so reliable and were not used.
During the first campaign radiosounding data are acquired once a day allow-
ing us in some cases a comparison of the retrieved profiles of temperature and
water vapour with the sounding. In figure (6.6) the comparison using the re-
trieval result as close as possible to the time in which the radiosounding was
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Figure 6.5: Clear sky and cirrus cloud simulated radiance over Testa
Grigia 2011 The upper pannel shows the measured spectrum (black) of a cirrus cloud occured over
Testa Grigia in the day 9th March 2011, the simulated radiance of clear sky (red) and the simulated radiance
emitted by the cloud (continuous orange line) neglecting the atmospheric contribution. In the lower panel
the blue spectrum represents the radiance of the cloud at the ground multiplied by the trasmittance of the
atmospheric layer betweeen the ground and the bottom and compared to the difference (green) between the
measured and clear sky spectra.
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Figure 6.6: Comparison retrieved-RS profiles for Testa Grigia 2007 The
upper figure shows the comparison between the profiles of temperature and water vapour (blue) retrieved
by data acquired at 11:15 UTC of 9th March 2007 and the radiosounding performed at 11:19 UTC (red).
The dash black line rappresents the initial guess.
carried out is shown, in particular this data were acquired at 11:15 UTC and
radiosounding at 11:19 UTC. The retrieved profiles (blu lines) is a good inter-
polation of the radiosounding profiles (red). The dash black lines rappresents
the initial guess profile, i.e. the climatological profile for a midlatitude atmo-
sphere.
Finally introducing the quantity called precipitable water vapour (PWV) given
buy:
PWV =
∫ ztropopause
zground
x(z)dz (6.1)
where x(z) is the mixing ratio of water vapour, a comparison between the
retrieved PWV and radiosounding was also made as reported in figure (6.7)
for the entire cirrus cloud’s measurements on 2007.
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Figure 6.7: Comparison retrieved-RS PWV in Testa Grigia 2007 The
retrieved PWV (precipitable water vapour) is compared with the interpolated radiousounding in the day
9th March in Testa Grigia 2007 campaign.
6.1.1 Microwindows approach
Table 6.1: Microwindows Table of microwindows spectral ranges.
Microwindow number Spectral range
1 494.0-500.0 cm−1
2 529.0-534.0 cm−1
3 537.5-540.5 cm−1
4 558.0-561.0 cm−1
5 570.0-575.0 cm−1
6 800.0-805.0 cm−1
7 810.0-815.0 cm−1
8 840.0-850.0 cm−1
9 880.0-890.0 cm−1
10 900.0-910.0 cm−1
11 935.0-940.0 cm−1
A simplified fitting method was studied selecting the measurements in only
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11 microwindows of high trasparency in the far infrared in order to verify
whether an hyperspectral imager could be suitable for a widespread cirrus
characterisation supposing that at least a vertical profiler (such as REFIR-
PAD) or a radiosounding are avalaible.
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Figure 6.8: Result of fitting procedure using measured clear sky The
simulated radiance (red) by means of LBLRTM using the retrieved parameters obtained by the microwindow
approach with the measured clear sky has been compared with measurement (black) in the top panel,
whereas the comparison with fitting residuals (green) is shown in the middle panel. This shows that using a
measured clear sky spectrum to evaluate the contribution of the continuum absorption in these microwindow
and the atmospheric trasmittance is not so good because residuals in FIR below 600 cm−1 are not inside
the uncertainty.
The goal was to reach the agreement between the clouds parameters re-
trieved using the broad band spectrum and the same parameters retrieved
operating a fitting procedure of the average radiance in a few microwindows
in the mid and far infrared. The first attempt was made using the measured
spectrum of clear sky to take into account the continuum absorption of water
vapour which is also present in the trasparency windows. In this case the clos-
est trasparency spectrum to the measurement in presence of cloud were used
to take into account the low atmosphere contribution in these bands. The
microwindows were chosen as shown in (Table (6.1)).
This approach is possible only when the noise in the trasparency windows
is low, as occured during the 2007 campaign and the radiance can be approx-
imated by the following formula:
Scldνi = (S
meas
νi
− Sclearνi )/tνi (6.2)
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Figure 6.9: Fitting using microwindows approach both using mea-
sured and simulated clear sky The upper panel shows the results of fitting by means the
microwindows approach using both the measured (black-red) and simulated (blue-green) clear sky and trans-
mittance. In the lower panel comparison of residuals (green) with the uncertainty is shown. Measurement
rappresents the passage of cirrus cloud over over Testa Grigia in the day 9th March 2007 at 13:47 UTC.
where Scldνi , S
meas
νi
and Sclearνi are the average spectral radiance of the cloud
in the i-th microwindow corresponding to the central frequency νi, the detected
atmosphere in presence of the cloud and the clear sky respectively and tνi is the
average transmittance in the i-th microwindow which was estimated averaging
within the microwindow the follow quantity:
tν = (Bν(Ts)− Sclearν ·
Bν(Ts)
Bν(Tm)
)/Bν(Ts) (6.3)
where Ts and Tm are the ground temperatures for the clear sky and the
cloud meaurement respectively obtained by fitting with a Planck function in
the CO2 band and where we supposed that atmosphere did not change during
the measurements. Neglecting the radiative transfer and the simulated radi-
ance is given by the equation (3.65), in which the downwelling and upwelling
radiance at the top and the bottom of the cloud involved in the coefficients
D+ and D−, are respectively zero and the Planck function at the ground tem-
perature multiplied by the atmospheric trasmittance. Unfortunately using the
measured clear sky to evaluate the contribution of continuum absorption in
these bands and the atmospheric transmittance the results was not in good
agreement with the model as shown in figure (6.8). Indeed the second attempt
was consisted the use of the simulated clear sky and atmospheric trasmittance
obtained by a fitting in the full spectral range between 350-980 cm−1 . Results
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are shown in figure (6.10) where we can see that all residuals, in the mid in-
frared as well as in the FIR below 600 cm−1 , are in good agreement with the
model. The comparison of the clouds parameter retrieved using the two differ-
ent approach, full band and microwindows, is shown in figure (6.11). Figure
(6.9) shows the result of microwindows approach for both cases.
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Figure 6.10: Result of fitting procedure using simulated clear sky The
simulated radiance (red) by means of LBLRTM using the retrieved parameters obtained by the mirowindow
approach using simulated clear sky and atmospheric transmittance has been compared with measurement
(black) in the top panel, whereas the comparison with fitting residuals (green) is shown in the middle
panel where we can see that most of them stay inside the uncertainty. In the lower panel the atmospheric
transmittance simulated by LBLRTM shows the microwindows of maximum trasparency in FIR used in this
approach.
Hence if a spectrometer, such as REFIR-PAD or a radiosounding system,
are avalaible, which allows us to characterise the atmosphere with a single
pixel spectral measurement, an infrared imager operating in a few very narrow
bands allows us to get a spatially characterisation of cirrus clouds properties.
6.1.2 Time evolution of parameters retrieved in Testa
Grigia campaign
Figures (6.11) and (6.12) show the time evolution of the optical and mi-
crophysical parameters of cirrus clouds retrieved using the full spectra (black
triangles) and, for 2007 campaign, with the microwindows (red circles) in the
days 9th March for both the years 2007 and 2011, respectively.
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Figure 6.11: Time evolution of retrieved clouds parameters in Testa
Grigia 2007 campaign Time evolution of the retrieved cloud parameters of the day 9th March
2007 for the field campaign carried out in Testa Grigia (Cervinia), both using the full band (black circles)
and the microwindows (red circles) approach. Starting from the upper pannel effective diameter, IWP and
optical thickness are shown. In the lower pannel the χ2 is shown as well.
The evolution of the optical thickness in the third pannel of figure (6.11) in
2007 shows an increase after 12.5 UTC that is in agreement with the evolution
of the brightness temperature in figure (6.1).
In the first part of measurements, between 11 and 12 UTC the optical
thickness was lower, around 0.5, with the IWP, ' 10. The diameters in the
first part of the day varied between 50-90 µm and between 90-110 µm after
12.5 UTC; the optical depth and the IWP increased as well.The χ2 values are
shown in the bottom pannel and they oscillated between 1 and 2. The results
show that a good agreement was obtained between the both techniques in the
year 2007.
Unfortunately in the year 2011 the comparison did not give good result,
because of the high noise, and the microwindows approach was not used. The
occurence of higher noise is proven by the uncertainty in the time evolution
of the retrieved parameters in figure (6.12) which have high variability. One
reason is that REFIR-PAD is not an imaging instrument so the contribution
of the atmoshere in the measured single pixel which is quite large considering
the field of view of 115 mrad is not uniform.
Finally a comparison of the couples of retrieved IWP - optical thicknesses
(IWP, τ) and effective temperature - mass extintion coefficient (Te, K =
τ/IWP ∼ 1/De) with respect a statistics of midlatitude cirrus clouds was
made. The Heymsfield statistics [31] obtained by a set of measurements of
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Figure 6.12: Time evolution of retrieved clouds parameters in Testa
Grigia 2011 campaign Time evolution of the retrieved cloud parameters of the day 9th March
2011 for the field campaign carried out in Testa Grigia (Cervinia). Starting from the upper pannel effective
diameter, IWP and optical thickness are shown. In the lower pannel the χ2 is shown as well.
cirrus at midlatitude was suitable for this purpose, figure (6.13). This statis-
tics correlates the values of IWP and optical thickness with a power low and
temperature and mass extintion coefficient with a linear law as follow:
τ = 0.068 · (IWP)0.83 (6.4)
K =
τ
IWP
= 0.006 · (1− 0.0169 · Te) (6.5)
The comparison shows a good agreement of the retrieved values of the
coupled parameters values (IWP, τ) and (Te, K).
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Figure 6.13: Heymsfield statistics for midlatitude cirrus clouds Comparison
of the set retrieved couple parameters (IWP, τ) and (Te, K = τ/IWP ∼ 1/De), where K is the mass
extintion coefficient, for both campaigns with respect the Heymsfield statistics (black lines) for midlatitude
cirrus clouds. A fitting costrain has been fixed at -60 ◦C.
6.2 Chile, 2009
The measurements field campaign took place in Chile in the year 2009
at 5380 m of height on the Atacama desert in the months from August to
October measurements were performed with a spectral resolution of 0.4 cm−1 .
In this case the ground temperature was taken by the Vaisala station and,
as for Testa Grigia, 62 atmospheric levels were considered. Furthermore also
in this case a radiosounding was avalaible. The cirrus model used for the
retrieval was the one performed by Fu et al. which consider only hexagonal
columns (chapter 3.3), most suitable for Chile latitudes. Not many cirrus
clouds occured during the campaign, the most important day was on 12th
October. In figure (6.14), the comparison between the measured spectrum of
cirrus cloud occured at 17:31 UTC and the model is shown (upper panel), the
residuals and uncertainties are shown in the bottom panel.
6.2.1 Time evolution of parameters retrieved in Chile
campaign
The time evolution of the cirrus clouds parameters for the day 12th October
2009 are show in figure (6.16). We can see that the effective diameters variates
highy between 20 and 80 µm , whereas the IWP is usually around 2.5-3 g/m2
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Figure 6.14: Comparison between fitting and measurement for Chile
campaign in 2009 Upper pannel: comparison between the measured spectra (black) acquired by
RREFIR-PAD in the day 12th October 2009 at 17:31 UTC over Cerro Toco (Atacama desert, Chile). Lower
panel: comparison between uncertainty (black) and the residuals (grey).
and optical thickness oscillates between 0.25 and 0.5.
In figure (6.17) is also reported the time evolution of the retrieved PWV
in the same day when cirrus clouds occured, compared to the radiosounding.
We note that retrieved PVW is still slightly underestimated but very close the
sounding values.
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Figure 6.15: Comparison retrieved-RS profiles for Chile 2009 cam-
paign Comparison between the profiles of temperature and water vapour (blue) retrieved by data ac-
quired at 17:31 UTC of 12th October 2009 in Chile and the radiosounding performed at 16:18 UTC (red).
The dash black line represents the initial guess.
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Figure 6.16: Time evolution of retrieved clouds parameters in Chile
2009 campaign Time evolution of the retrieved cloud parameters of the day 12th March 2009 for
the field campaign carried out in Chile. Starting from the upper pannel effective diameter, IWP and optical
thickness are shown. In the lower pannel the χ2 is shown as well.
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Figure 6.17: Comparison retrieved-RS PWV in Chile 2009 campaign
The retrieved PWV (precipitable water vapour) is compared with the interpolated radiousounding in the
day 12th October of Chile campaign.
6.3 Antarctica, since 2011 to 2015
The measurement field campaign that is still in place at Dome C, in Antarc-
tica, allowed to get a huge database of spectra.
Figure 6.18: Brightness temperature colour map of two years of mea-
surements in Antarctica Colour maps for two years of measurements. The left panel shows
the time evolution of the brightness temperature in the wideband 100-1400 cm−1 (left panel), that put
in evidence the ground temperature and the atmospheric windoow whereas (right panel) which shows the
clouds coverage.
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So far part of the year 2013 was analysed and in this case a lidar support
was avalaible even though not always worked. For this reason two parallel
analysis were started, one using lidar information and the other one without.
Figure 6.19: Colour maps for the days 1st/20th January and 22nd
April 2013 in Antarctica Starting from the top left toward the bottom lidar colour maps
for the days 2nd Januray, 20th January and 22nd April 2013 in Antarctica. Each map in the upper panel
represents the backscattering signal and the bottom panel the depolarisation signal. In the day 2nd January
2013 (top left panel) the red circle indicates the passage of an ice cloud at 3.3 km above the ground level
with 1 km of thickness at 12 UTC and then, starting from 17 UTC, the red rectangle shows the occurance
of a mixed phase cloud in which the upper part, placed at 650-800 m above the ground and with about 200
m of thickness, is composed by water. As we can see from the low depolarisation signal, and the lower part,
placed at about 100 m above the ground, is composed by ice which depolarises. The right upper panel shows
the passage of a mixed phase in the day 20th January and the red rectangle shows the time range in which
measurements were carried out using REFIR-PAD. Finally the lower panel shows the passage of an ice cloud
placed at 2.2 km above the ground and 1 km of thickness. The red circle indicates which measurements were
analysed because after (starting from 7:30 UTC) a precipitation of ice crystal (diamond dust) occured.
The instrumental resolution was operated with 0.4 cm−1 . As in Chile
campaign also in this case the ground temperature was given by a Vaisala
station placed on the roof of the shelter. In this case 56 atmospheric levels
were considered.
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Figure 6.20: Fitting results for the days 1st/20th January and 22nd
April 2013 in Antarctica Starting from the left upper figure, the fitting result of the ice cloud
passed on 2nd January at 12 UTC is compared to the measurement and in the lower panel of the figure the
comparison of residuals with the uncertainty is shown. The right upper figure show the fitting risult of the
mixed phase cloud passed at the same day at 17:24 UTC. The left lower figure shows the fitting result of
the mixed phase cloud passed on 20th January at 06:53 UTC and finally the right lower figure refers to the
ice cloud passed on 22nd April at 03:10 UTC.
99
6. Data analysis of spectra acquired in different field campaigns
A software able to operate in loop over all database was developed, both
with lidar data provided or not, and it is currently running, for now, over the
year 2013. In figure (6.18) the colour maps of the brigthness temperature in the
wide band 100-1400 cm−1 (left pannel) and in the atmospheric window (right
pannel), in the range time covering two years of measurements are shown.
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Figure 6.21: Comparison retrieved-RS profiles for Antarctica cam-
paign Lidar profile of the ice cloud passed over Dome-C in the day 2nd January 2013 at 12:04 UTC
(left pannel) and the comparison between retrieved profiles (red) with radiosounding (black) performed at
12:00 UTC (central and right pannel). The green bar on the temperature profile indicates the effective
temperature Te of the cloud obtained by weighting temperature on the backscattering profile.
The white stripes at 1100 and 1250 cm−1 in the left pannel cover the
noisy due to the beam splitters absorption bands. Since the saturated bands
and lines of CO2 and water vapour have been taken into account, in this map
the occurance of cirrus clouds is not watchable, only the ground temperature
variations are evident. In the right panel the atmospheric window is zoomed
and shows the overcasting period with mixed phase clouds, corresponding to
a higher signal (shown up mostly in the Antarctic summer time, namely in
January) and the occurance of thin ice clouds, corresponding to a lower signal
(mostly occured in April-May).
Radiosounding was performed once a day at 12:00 UTC, that allowed us to
compare some retrieved profiles with the probe. As already mentioned in the
polar atmosphere mixed phase clouds can often occur. In the cases when lidar
data were avalaible, the software calculate automatically the top and bottom
of the cloud and switches on the mixed or single phase fitting depending on
the γlid parameters as defined in chapter (5.1). Colour maps in figure (6.19)
show the passage of clouds in the three days 2nd, 20th January and 22nd
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Figure 6.22: Time evolution of the effective temperature for each day
Time evolution of the effective temperature Te of the cloud in the days 2nd and 20th January (upper and
central pannel) and 22nd April (lower pannel). Te oscillated around -30 ◦C when mixed phase occured and
went down below -40 ◦C in case of ice cloud.
April 2013 at Dome-C, Antarctica and these rappresent three cases analysed.
The left upper figure refers to the day 2nd January 2013 and the red circle
shows the passage af an ice cloud at 12:04 UTC placed at 3.3 km above the
ground level with 1 km of thickness. The high depolarisation signal in the
lower panel of this figure and low backscattering signal in the upper panel
assures that this cloud was in single phase. After 17:00 UTC a mixed phase
cloud occures infact the upper part of the cloud, placed at about 650-800 m
above the ground with a thickness of 200 m shows a high backscattering but a
low depolarisation meaning it’s composed by water; the lower part is instead
composed by ice because backscattering is negligible but depolarisation is high.
The red rectangle limits the corresponding measurements acquired by REFIR-
PAD. As already mentioned a specific code allowed to calculate automatically
the height and thickess of clouds to set in the fitting procedure. The right
figure refers to the day 20th January and shows the coverage of a mixed phase
during the entire day; the red rectangle indicates the time interval in which
the measurements were carried out using REFIR-PAD. Finally the lower figure
shows the passage of a ice cloud starte at 3:00 UTC up to around 7:30 UTC
when a precipitation of ice crystals named diamond dust occured.
Figure (6.21) shows the comparison between the retrieved profiles of tem-
perature and water vapour for the measurement acquired in presence of the
ice cloud of figure (6.20, left pannel) which is well represented in the colour
map (6.19, left pannel, red circle) at 12:04 UTC with the radiosounding per-
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Figure 6.23: Clear sky fitting Comparison of measurement and fit result of a clear sky
spectrum acquired in the day 10th October 2013 at 18:17 UTC (left pannel) and comparison (right pannel)
between the retrieved profile (red) and radiosounding (black).
formed at 12:00 UTC. Figures (6.20) show the fitting results for four different
cases: the first one in the top panel on the left shows the retrieval of the ice
cloud signed with the red circle in colour map (6.19) refered to 2nd January,
the second one refers to the mixed phase cloud passed in the same day after
17:00 UTC, the third corresponds to the mixed phase in the day 20th January
and the fourth rappresents the retrieval of the ice cloud occured on 22nd April
before the diamod dust. In the left panel the lidar backscattering profile of
the ice cloud is shown and the green vertical bar on the temperature profile
indicates the effective temperature Te of the cloud calculated by weighting on
the lidar signal.
In figure (6.22) the time evolution of the effective temperatures Te of the cloud
in the days 2nd/20th January and 22nd April are shown. We can note that in
case of ice clouds, such as in 22nd April and between 12-15 UTC of 2nd Jan-
uary, Te went down below -40
◦C. In case of mixed cloud Te oscillated around
-30 ◦C.
As we already mentioned the program distinguishes the clear sky by cloudy
case but operates the fitting in both cases. In figure (6.23) a retrieval of clear
sky measurement in the day 10th October 2013 is shown (left pannel) and the
comparison of the retrieved profiles with radiosounding (right pannel). The
spectra on the left side of figure (6.23) shows the particular trend of the CO2
absorption band due to the temperature inversion that occur at about 100 m
above the ground in Antarctica mostly in the Winter time.
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Figure 6.24: Time evolution of the retrieved effective diameters and
optical thicknesses of ice crystals and water droplets Time evolution of the
retrieved effective diameters and optical thicknesses of ice crystals and water droplets for the clouds passed
in the days 2nd and 20th January and 22nd April 2013.
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Figure 6.25: Time evolution of the retrieved ice fraction Time evolution of
the retrieved ice fraction (red) and the γlid (blue) in the days 2nd and 20th January (upper and central
pannel) and 22nd April (lower pannel). Figure shows the comparison between the two parameters. When
the mixed phase occured both ice fraction and γlid oscillated between 0.5/0.6. They were equal to 1 in case
of ice cloud.
6.3.1 Time evolution of parameters retrieved in Antarc-
tica campaign
Finally the time evolution of the cloud parameters for the days 20th January
and 22nd April are shown in figure (6.24), in particular ice crystals and water
droplets diameters (Dei, Dew), and the optical thicknesses (τi, τw) are plotted
as a function of time (in case of the day 22nd April in which ice-only phase
occured, only Dei and τi are plotted since no water occured). As already
mentioned, two parallel retrieval procedures were runned on the Antarctica
database, with and without the data lidar support, performed to quantify out
the differences and, if possible, to use also measurements when a lidar support
was not avalaible.
A comparison of the retrieved ice fraction with the γlid is shown in figure
(6.25) where the upper pannel shows the results in the day 2nd January in
which the data at 12 UTC corresponds to the ice cloud that shows up at about
1 km of height above the ground in the lidar map in the left side of figure
(6.19). After 17 UTC a mixed phase occured as clear from lidar map on the
right side of the same, infact figure (6.25) shows that the γlid and the retrieved
ice fraction are in good agreement and they’re oscillating between 0.5-0.6. The
central pannel shows the coverage of a mixed cloud in the day 20th January
as clear from the lidar map of figure (5.13).
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Figure 6.26: Comparison retrieved-RS PWV in Antarctica Time evolution
of the retrieved PWV (black) and the radiosounding (red dashed) in the three days 2nd/20th January and
22nd April 2013. Figure shows that in both days 2nd January and 22nd April there’s a good agreement of
the retrieved PWV with the radiosounding, iin particular in the last case, whereas for the day 20th there’s
not a good agreement. Probably the cause is that the increasing of water which occurs in the presence of a
low mixed phase cloud or the low height own can introduce an error in the retrieval procedure. Infact the
most agreement occures in presence of single phase cloud and it is worse in the other cases.
Finally the time evolution of the retrieved PWV is compared in figure (6.26)
The REFIR-PAD spectra were acquired in this day starting from 5 UTC
and the comparison has been truncated just before the ice precipitation occured
at 6 UTC as shown in figure (6.19). Also in this case ice fraction and γlid
oscillated between 0.5-0.6. The lower pannel shows the same comparison for
the day 22nd April in which single phase cloud shown up.
Finally the time evolution of the retrieved PWV and the radiosounding in the
three days 2nd/20th January and 22nd April 2013 is reported in figure (6.26).
Figure shows that in both days 2nd January and 22nd April there’s a good
agreement of the retrieved PWV with the radiosounding, in particular in the
last case, whereas for the day 20th there’s not a good agreement. Probably
the cause is that the increasing of water which occurs in the presence of a low
mixed phase cloud or the low height own can introduce an error in the retrieval
procedure. Infact the most agreement occures in presence of single phase cloud
and it is worse in the other cases.
In figure (6.27) the scatter-plots between the cloud parameters obtained by
using both techniques applied in the days 2nd and 20th January 2013 are
shown.
The scatter-plots shows that the highest convergence between the two tech-
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Figure 6.27: Scatter-plots of retrieved parameters using/not using
lidar information Scatter-plots of the clouds parameters retrieved using by the both techniques,
with and without the lidar profile, in the two days 2nd and 20th January 2013.
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Figure 6.28: Distribution of IWP and optical thicknesses Distribution of IWP
and optical thickness values retrieved in part of the year 2013.
niques occur in the retrieval of TWP and optical thickness, and the lowest in
the diameter of water droplets, hence it’s possible to operate a retrieval with-
out using lidar informtion getting a good estimation of the cloud parameter,
mostly the TWP and optical thickness. Concerning diameters, the agreement
is not always so good, in particular the effective diamaters of water droplets
retrieved without using lidar information results underestimated with respect
to the same diameters obtained using lidar data.
Finally a statistics correlating optical thickness and IWP was performed
with the retrieved parameters in part of the year 2013, figure (6.28). A linear
fitting (red line) was made to minimise residuals. This will be very usefull
when analysis of the entire database will be finish, because it will allow to
establish a real statistical correlation between these parameters in the antarctic
atmosphere.
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Table 6.2: Acronyms Table of acronyms used in this thesis.
Acronym Meaning
ARM Atmospheric Radiation Measurement
BB Black Body
CBB Cold Black Body
DISORT Discrete Ordinate Radiative Transfer
DLATGS Deuterated Alanine Triglycene Sulfate
ECOWAR Earth Cooling by Water Vapour Radiation
ERB Earth Radiation Budget
FDTD Finite Difference Time Domain
FIR Far InFrared
FTS Fourier Transform Spectrometer
GCM Global Climate Model
HITRAN High Resolution Transmission
HBB Hot Black Body
IGOM Improve Geometric Optics Method
ILS Instrument Line Shape
IWC Ice Water Content
IWP Ice Water Path
LBLDIS Line-By-Line DISORT
LBLRTM Line-By-Line Radiative Transfer Model
LWP Liquid Water Path
MINUIT Function Minimization and Error Analysis
MT-CKD Mlawer, Tobin-Clough, Kneizys-Davies
NESR Noise Equivalent Spectral Radiance
OPD Optical Path Difference
PRANA Proprieta´ radiative dell’Atmosfera e delle nubi in Antartide
PSD Particle Size Distribution
PWV Precipitable Water Vapour
RBB Referene Black Body
REFIR-PAD Radiation Explorer in Far Infrared
- Prototype for Applications and Development
RHUBC-II Radiative Heating in Under-explored Bands Campaigns
RS Radiosounding
RTE Radiative Transfer Equation
SVD Singular Value Decomposition
TOA Top Of the Atmosphere
TWP Total Water Path
UTC Unit Time Coordinate
VCM Variance-Covariancce Matrix
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Overall conclusions
A numerical model was developed to characterise the emission of the at-
mosphere and in particular of cirrus clouds using the measurements acquired
by the REFIR-PAD Fourier transform spectroradiometer which covers, for the
first time with systematic measurements perfomed during many ground-based
field campaigns, the broad spectral range of the thermal emission from 100
cm−1 to 1400 cm−1 . In the thesis these measurements were analised focusing
on the new information content supplied by the FIR portion (100-500 cm−1 )
of the spectrum, where such measurements are unique.
To simulate the radiative transfer in the atmosphere in the presence of clouds,
both in single and in mixed phase, the LBLRTM code, which simulates the
radiative transfer in the atmosheric gases, has been integrated with a specific
code written in C language that simulates the propagation of the radiation
through the cloud approximated by a single uniform layer. To solve the radia-
tive transfer equation the two stream δ-scaled Eddington approximation was
used and the optical paramaters, such as optical thickness, the single scattering
albedo and the asymmetry factor were parameterised by means of two different
cirrus cloud models, one taking into account many possible ice crystals habits
occuring at the mid latitudes and the other one considering only hexagonal
columns.
To retrieve the optical and the microphysical properties of cirrus clouds, a re-
trieval code was also developed in C language. This procedure allows us to
retrieve simultaneously the atmospheric variables, namely the water vapour
and temperature profiles, and the effective diameters and ice water path of
cirrus clouds in single phase and, moreover, in the case of mixed phase clouds
which occur in polar atmosphere, the ice fraction and the effective diameter of
the water droplets. This was obtained by the minimization of the χ2 by means
of the MINUIT routine.
To characterise the atmospheric contribution the retrieval approach uses a sen-
sitivity study, identifying the heights of maximum sensitivity of the spectrum
to the parameters variation, that was carried out operating a singular value
decomposition of the Fisher information matrix. The study was done using a
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climatological profile also used as initial guess profile.
The main program has allowed to operate the analysis in loop over all spectra.
The code included a switch to introduce the single phase fitting in case the
effective temperature of the cloud went down below -40 ◦C. Otherwise when
the lidar data were avalaible, a specific code calculated automatically the top
and the bottom of the cloud and the effective temperature was obtained by
weighting the temperature profile on the backscattering profile between the
top and the bottom. A parameter was also used as the ratio between the
integrated normalized depolarization and the sum of this with the integrated
normalize backscattering signal. This parameter allowed us to set the sin-
gle or the mixed phase fitting procedure when no lidar support was provided
therefore, the cloud’s effective temperature was a retrieved parameters and the
cloud was automatically placed according to the temperature profile
The retrieval procedure was applied to the analysis of campaigns took place in
Testa Grigia (Cervinia, Italy) in the years 2007 and 2011 at 3480 m of height,
to the Chile campaign, took place in 2009 (Cerro Toco, Atacama desert) at
5380 m a.s.l. and the field campaign still in place in Antarctica at Dome-C
since 2011 (3233 m a.s.l.).
Finally, a comparison between two different retrieval approaches was per-
formed: the standard approach using the wide-band spectral measurements
with a simultaneous retrieval of all the involved parameters (atmosphere and
clouds) and a new approach using selected microwindows for the retrieval of
only cloud micro-physics. A comparison of the retrieved parameters by using
both approaches has been done in case of Testa Grigia 2007 field campaign
finding a good agreement.
The first important result of this work is that it is necessary to extend analysis
to FIR, below 600 cm−1 , where the emission sepctrum of cirrus clouds shows
a strong sensitivity to the variation of effective sizes of ice particles. A new
approach exploiting the broad band between 230-980 cm−1 and operating a
simultaneously fitting of cloud and atmosphere, was developed to carry out
the retrieval of the clouds optical and microphysical parameters. Furthermore
it has been demonstrated that if a spectrometer, such as REFIR-PAD, able to
characterise the atmosphere, is avalaible, it is possible to operate an accurate
retrieval limiting analysis in a few microwindows between mid and far infrared.
This would allow us to make a new imaging instrument able to get a spatially
characterisation of the clouds, which in general are not uniform.
Finally a scatter-plot of the clouds parameters retrieved in Antarctica by using
the lidar data and without using lidar data was done finding a good agreement
mostly in the TWP and optical thicknesses. Using the retrieved data of the
first analysis in Antarctica a good statistical distribution which correlates IWP
and optical thicknesses was done.
The future plans include the analysis of a high number of retrieved data to
allow the study of statistic correlations between atmospheric and clouds pa-
rameters with the aim of improving the modelling of the cloud contribution to
110
the climate system.
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Appendix A
Radiative transfer in cloudy
atmosphere
A.1 Radiative transfer in presence of clouds
Starting from the mathematical expression of the radiance and scattering
function in the Eddington approximation, namely:
IE(τ,±µ) = 1
2
[(2± 3µ)F+(τ) + (2∓ 3µ)F−(τ)] (A.1)
and
Pe(µ, µ
′) = 1 + 3gµµ′ (A.2)
following Deeter and Evans substituting (A.1) and (A.2) in the RTE equa-
tion (3.38) this results splitted in two coupled linear differential equation in
F+(τ) and F−(τ) which in matrix form may be written as follow:
d
dτ
(
+F+
−F−
)
=
1
4
(
7− ω(4 + 3g) 1− ω(4− 3g)
1− ω(4− 3g) 7− ω(4 + 3g)
)(
F+
F−
)
− (1− ω)B(τ)
(
1
1
)
(A.3)
or
d
dτ
(
+F+
F−
)
=
(
t r
−r t
)(
F+
F−
)
− (1− ω)B(τ)
(
1
1
)
(A.4)
where
t =
1
4
[7− ω(4 + 3g)]
r =
1
4
[1− ω(4− 3g)]
(A.5)
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We can express the complete solution by adding the homogeneous and
particular soluions, i.e.,
F± = F±h + F
±
p (A.6)
and the particular solution results to be:
F±p =
(1− ω)B(Te)
λ2
(t− r) (A.7)
where
λ =
√
t2 − r2 =
√
3(1− ω)(1− ωg) (A.8)
and the homogenous solution has the form:
F±h = C
±re±λt + C∓(λ− t)e∓λt (A.9)
and the coefficients C± may be determined from the boundary conditions
i.e. the incident upwelling and downwelling fluxes F+h1 and F
−
h0 at the bottom
and the top of the cloud respectively, hence:
C+ =
rF+h1 − (λ− t)e−λτF−h0
r2eλτ − (λ− t)2e−λτ (A.10)
C− =
(λ− t)F+h1 − reλτF
−
h0
(λ− t)e−λτ (A.11)
Evaluating euqations (A.6) and (A.7) for the incident fluxes and soolving
for the homogeneous components yield:
F−h0 = F
−
0 −
(1− ω)B(Te)
λ2
(t− r) (A.12)
end
F+h1 = F
+
1 −
(1− ω)B(Te)
λ2
(t− r) (A.13)
where F−0 and F
+
1 are the fluxes of the downwelling and upwelling fluxes
at the top and the bottom of the cloud respectively. At this point substituting
IE(τ,±µ) as defined in equation (A.1) into the source function Jτ,µ) of RTE
equation and then integrating we find:
JE(τ, µ) = Db +D+e
λt +D−eλt (A.14)
with
Db = (1− ω)B(Te) + ω (1− ω)B(Te)
λ2
2(t− r) (A.15)
D± = C±[ω(r − t+ λ)± 3
2
ωg(r + t− λ)µ] (A.16)
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